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ABSTRACT

Metal-doped transition metal dichalcogenides (TMDs) have emerged as versatile
optoelectronic, magnetic, and electrocatalytic materials due their tunable properties and two-
dimensional structure. Functionalizing the surface of the TMD with catalytically relevant
transition metal ions is a particularly intriguing strategy to generate single atom catalysts (SACs)
with tunable local geometry and electronic properties. Although solution-phase methods have been
developed to dope transition metal single atoms on TMDs surfaces, control over the local
coordination environment of the doped metal atom remains a major challenge. In this dissertation,
we develop a solution-phase synthetic method to controllably functionalize TMDs with transition
metal ions. We are able to achieve control over the adsorbate morphology, ranging from single
atoms to multimetallic clusters, and local coordination environment. We then utilize this range of
doped TMDs to understand how metal atom coordination and clustering impact electrocatalytic
activity in the oxygen evolution and oxygen reduction reactions.

We utilize colloidal WS> nanosheets as the starting point for our synthetic method, which as
synthesized, are completely inert toward metal functionalization on the basal plane. Therefore, we
use n-butyllithium to generate nucleophilic sulfide sites on the basal planes that are capable of
binding first-row transition metal ions. The dopants are subsequently introduced in solution and
permitted to passively adsorb to the WS, surface. Using NiCly, it is possible to achieve Ni
concentrations ranging from 9% to 47% with respect to W simply by varying the amount of NiCl;
introduced in solution. Through X-ray absorption spectroscopy (XAS) and high-resolution
scanning transmission electron microscopy (HR-STEM) coupled to electron energy loss
spectroscopy (EELS), we show that Ni single atoms predominant at low loadings of Ni (< 14 at.%)
and mixtures of single atoms and multimetallic clusters exist at higher loadings. Electrochemical
studies reveal that the single atom Ni-WS; sample experiences the strongest electronic perturbation
due to the WS> nanosheet and thus, a much higher intrinsic activity for the alkaline oxygen
evolution reaction.

Using the same solution-phase strategy, we dope isolated Co atoms onto the WS> nanosheets
and develop a post-sulfidation process in order to explicitly control the cobalt-sulfur coordination
environment at the WS, surface. Bulk cobalt sulfide materials are known catalysts for the

electrochemical oxygen reduction reaction in neutral electrolyte, but the active site in these
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materials has been difficult to determine due to the non-uniform and dynamic nature of the cobalt
and sulfur atoms at the surface of the bulk material. By studying our Co-doped WS, materials with
Co-S coordination ranging from monodentate to tetradentate, we show that the optimal active site
for the oxygen reduction reaction features three-fold Co-S binding to the surface. These single
atom Co-doped WS materials serve as important structural models for bulk cobalt sulfides and
provide design principles for active site geometry and electronics in order to achieve more efficient

electrocatalytic reactivity.
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CHAPTER 1. SOLUTION-PHASE ACTIVATION AND
FUNCTIONALIZATION OF COLLOIDAL WS; NANOSHEETS WITH
NI SINGLE ATOMS

Reproduced with permission from:

Meza, E.; Diaz, R. E.; Li, C. W. “Solution-Phase Activation and Functionalization of Colloidal
WS2 Nanosheets with Ni Single Atoms” ACS Nano 2020, 14, 2238-2247. Copyright (2020)
American Chemical Society.

1.1 Abstract

Single atom functionalization of transition metal dichalcogenide (TMD) nanosheets is a
powerful strategy to tune the optical, magnetic, and catalytic properties of two-dimensional
materials. In this work, we demonstrate a simple solution phase method to generate nucleophilic
sulfide sites on colloidal WS, nanosheets that subsequently serve as ligands for Ni single atoms.
These materials can be controllably functionalized with varying amounts of Ni on the surface
ranging from 9% to 47% coverage with respect to W. High-resolution scanning transmission
electron microscopy coupled to electron energy loss spectroscopy and X-ray absorption
spectroscopy indicate that adsorbed Ni species bind as single atoms at low coverage and a mixture
of single atoms and multimetallic clusters at high coverage. The Ni single atoms adsorbed on WS;
show altered electronic properties, and both the electronic perturbation and isolated atom geometry
play a role in enhancing the intrinsic catalytic activity of Ni-WS; samples for the electrochemical

oxygen evolution reaction.

1.2 Introduction

Functionalization of transition metal dichalcogenide (TMD) nanosheets with metal single
atoms has important potential applications in optoelectronic materials, magnetism, and catalysis.*"
5 Previous studies on doped TMDs, focusing primarily on MoS,, have utilized hydrothermal
syntheses, chemical vapor deposition, chemical vapor transport, sonochemical synthesis, or
electrodeposition to achieve substitutional doping of transition metal atoms into the TMD lattice.®
14 These studies have demonstrated that Pt and Pd single atoms doped or adsorbed onto MoS;
monolayers enhance the reactivity of the TMD for the hydrogen evolution reaction, and Co single

atoms introduce oxygen evolution reactivity.®®1%416 However, precise control over the
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localization and speciation of the dopant is difficult to control using these synthetic methods. For
dopants with catalytic functionality in particular, controlling the coordination environment as well
as its localization as a surface versus substitutional dopant is critical to achieving high catalytic
turnover. We postulated that a solution-phase surface functionalization strategy, based in part on
the covalent functionalization of TMDs with electrophilic organic moieties, would serve as a
general method to anchor catalytically accessible single transition metal sites onto activated metal
chalcogenide surfaces through coordinate covalent interactions.”20

While much of the synthetic work on transition metal dichalcogenide doping has focused
on MoS,, tungsten disulfide has similarly attractive optical and catalytic properties with the added
advantage of being readily accessible via colloidal synthesis.?!"?® Rather than requiring a harsh
exfoliation process from the bulk crystal to access monolayer structures, it is possible to synthesize
monodisperse nanosheets of WS, using colloidal methods, thus providing an ideal platform to
study the mild activation and functionalization of WS surfaces with transition metal ions. In this
work, we demonstrate a simple solution phase method to generate activated sites on a WS
nanosheet that subsequently serve as ligands for Ni single atoms. These materials can be
controllably functionalized with varying amounts of Ni on the surface, and the Ni sites show

unique electronic properties and reactivity towards the oxygen evolution reaction.

1.3 Results and Discussion
1.3.1 Synthesis

In this work, we put forward a colloidal strategy towards single atom functionalization of
WS; nanosheets. Colloidal 1T-WS; nanosheets are synthesized based on a literature method using
oleylamine as the ligand, which results in nanosheets with 100 nm diameter and ~10-14 monolayer
height (Figures 1.1a and 1.2).2* X-ray diffraction and UV-Visible spectroscopy match literature
reports for the 1T or distorted 1T phase of WS> (Figure 1.3). After several cycles of centrifugation
and redispersion to remove excess precursor and ligand, the purified nanosheets are colloidally
stable in hexanes when triethylamine is added as a stabilizer. As-synthesized, we anticipate that
these WS, nanosheets have relatively low defect density along the basal plane with

functionalization sites only present at the edges of the nanosheet, evidenced by the near-zero (-
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potential of —2.01 mV. As a result, treatment of as-synthesized nanosheets with a transition metal

ion, in this case, NiCly, results in negligible incorporation of Ni (Figure 1.4, Table 1.1).

s 1
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7=-201mV {=-343mV  {=—24t0-27Tm
Figure 1.1. Schematic structure, corresponding TEM image, and {-potential at each step in the
solution-phase activation and functionalization of colloidal WS> nanosheets.
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Figure 1.2. AFM images with height profiles on two different areas for (a) as-synthesized WS,-
OAm and (b) LixWSy after n-BuL.i treatment.
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Figure 1.3. (a) Experimental XRD pattern for WS2-OAm and LixWSy and reference XRD patterns
for 1T-WS; and 2H-WS,. The 1T-WS; reference pattern was generated theoretically based on the
previously reported structure of ReS». (b) UV-Vis spectra of WS2-OAm (black) and LixWSy (red)
showing the retention of the 1T phase after lithiation. A sample of the semiconducting 2H-WS;
phase (blue) was independently synthesized as a comparison.® (c) XRD pattern for Ni-LixWS, pre
and post 75 CV scans along with reference XRD patterns for NiO and WOs. NiO is seen after
oxidative conditions.

In order to generate free sulfide functionalization sites on the basal plane, we adapted a
strategy used for the exfoliation and covalent functionalization of bulk MoS,.2” N-Butyllithium (n-
BuLi) is commonly used to exfoliate MoS2 monolayers from bulk crystals based on the principle
that Li* ions intercalate between layers when n-BuLi injects negative charge into the TMD layer.?’
After exfoliation, both nucleophilic and electrophilic organic molecules have been introduced onto

the surface, indicating that complex defect chemistry occurs concurrently to exfoliation during the
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n-BuLi treatment. It has been postulated that both sulfur vacancies and dangling sulfides are
generated, which interact with nucleophiles and electrophiles, respectively.*’1828-33 |n this work,
the dangling sulfide defects will serve as binding moieties to introduce Lewis-acidic transition

metal ions onto the surface of colloidal WS> nanosheets (Figure 1.1b-c).

0.1eq NiCl, + WS, -OAm

L (mA/cm?)

1.26 1 .135 1.44 1.153 1.62 1.26 1 .I35 1.44 1 .IS3 1.62
E (V vs. RHE) E (V vs. RHE)

Figure 1.4. CV scans of the Ni(ll/111) redox region for Ni-treated WS,-OAm nanosheets without
n-BuL.i activation at two different solution concentrations of NiClo.

Table 1.1. Ni reduction peak positions and peak areas for Ni-treated WS,-OAm nanosheets without
n-BuLi activation. As a comparison, 2 eq. NiCl» added to n-BuL.i treated WS; has ~30-fold higher

Ni RF (see Table 1.7).

Ni(H/1) Ered Ni Red. Area | Ni Roughness Factor
2
(Vvs.RHE) | (HC/em?) (RF)
0.2 eq. NiCl2 + | 1.41 37 0.15
WS2-OAm
2 eqg. NiCl2 +|141 38 0.15
WS2-OAm

The n-BuLi treatment conditions reported in the literature are optimized for chemical
exfoliation of bulk MoS; and are necessarily harsh due to the kinetic limitations of intercalating
ions into a micron-sized crystal. In our colloidal WS, nanosheets, because the material is already
~10-14 layers in thickness, we anticipate much milder conditions would be warranted to generate

the desired functionalization sites on the surface. We studied this process in some detail to
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understand the rate of defect formation and the nature of the defects formed during this process by
varying n-BuL.i treatment concentration and time. Using conditions akin to those reported for the
chemical exfoliation of bulk MoS; (1.6 M n-BuL.i in hexanes, 18 hours), we observe near complete

degradation of the colloidal WS> nanosheets.

Figure 1.5. TEM images of WS, nanosheet morphology after n-BuLi treatments of varying
concentration and duration.

The centers of the nanosheets are completely etched away, leaving behind ring-like
structures and small flakes (Figure 1.5). Slightly milder conditions reduce etching but induce
nanosheet aggregation. These data clearly indicate that n-BuLi does not merely inject negative
charge into the two-dimensional layer but rather actively breaks W-S bonds in the lateral
dimension to form undercoordinated W ions and dangling sulfides, and in the extreme case, to
completely dissolve both W and S into solution. We modulated our conditions accordingly to
generate the desired defects without destroying the morphology. Treating the nanosheets in 0.1 M

n-BuLi for only two hours, we observe that the overall morphology and crystal structure remain
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intact but the {-potential drops precipitously to —34.3 mV, and the material becomes completely
soluble in polar solvents such as water and N-methylformamide (NMF) (Figure 1.1b, 1.6). While
the lateral dimension of the nanosheets remains largely intact, the transverse dimension is strongly
affected by the n-BuLi treatment. Atomic force microscopy (AFM) images reveal that the
nanosheets are reduced in thickness from 10-14 monolayers to 3-6 monolayers (Figure 1.2). The
total concentration of tungsten in solution based on inductively coupled plasma-optical emission
spectroscopy (ICP-OES) is also reduced correspondingly from 9.6 mM in the as-synthesized
colloidal WS; solution to 6.2 mM after lithiation.

To dope the nanosheets, we then introduce NiCl, to the colloidal solution of lithiated
tungsten disulfide (LixWSy) at varying equivalents (0.1 eq. to 4 eq.) with respect to W and allow
the NMF solution to stir for 24 hours at room temperature. Under these conditions, the NiCl;
precursor remains completely soluble in NMF, and any unincorporated or weakly adsorbed Ni%*
is readily removed during the washing and centrifugation steps. We postulate that any Ni?* species
that remain on the surface after the cleaning procedure should be bound via covalent coordinate

bonds rather than weak physisorption (Figure 1.1c).

Figure 1.6. Photograph of as-synthesized WS; nanosheets capped with OAm in hexanes and after
n-BuL.i treatment, redispersed in NMF.
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Figure 1.7. (a) STEM image and EDS maps for 36% Ni-LixWSy, (b) Atomic percent Ni bound to
WS, obtained from ICP-OES and (-potential as a function of Ni precursor added in solution.

1.4 Characterization

Using the colloidal activation and adsorption method described herein, we have generated
seven different samples with wide ranging Ni loading on LixWSy nanosheets. Transmission
electron microscopy (TEM) and scanning transmission electron microscopy (STEM) coupled to
energy-dispersive X-ray spectroscopy (EDS) mapping demonstrate that the morphology of the
lithiated WS, nanosheets are retained after Ni?* addition and that Ni atoms are co-localized and
evenly distributed across the WS, nanosheets (Figure 1.7a, 1.8, 1.9). The STEM images and
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elemental maps show no evidence of secondary nucleation or segregation of Ni-only
nanostructures. Atomic ratios of W and Ni are obtained by EDS and ICP-OES, which show that
the amount of Ni incorporated into the sample correlates with the atomic percent of Ni added in
solution during the functionalization step (Table 1.2, 1.3). At a solution loading of 10 mol% NiCl;
with respect to LixWSy, approximately 9 at.% Ni relative to W actually adsorbs to the surface as
determined by ICP-OES (Figure 1.7b).

e = 7%
7
%?

: 5;
100 nm

14% Ni

% £
100 nm .

Figure 1.8. TEM, HAADF-STEM and EDS mapping of 9% to 21% Ni-LixWSy samples showing
a uniform distribution of Ni throughout theWS> nanosheets.
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The percentage of bound Ni increases steadily with the amount of added NiCl; but begins
to plateau at ~40% when the solution loading is increased beyond 140 mol%, suggesting that the
total density of functionalization sites created by lithiation is limited to this regime. If we use a
large excess of NiCl. (400 mol%), secondary nucleation of Ni(OH) into 400 nm square platelets
and obvious Ni segregation by EDS mapping is observed (Figure 1.10). The strong negative (-
potential of the lithiated WS> nanosheets provides an initial indication that negatively charged and
nucleophilic functionalization sites are present on the surface of LixWS,.!" Indeed, the magnitude
of the negative {-potential drops steadily upon incorporation of Ni?* (Figure 1.7b, Table 1.4). An
initial steep decline in magnitude from —34 to —28 mV occurs with the first 20% of Ni loaded onto
LixWSy and is followed by a shallower decline in the plateau regime. At the plateau loading of
47% Ni atoms on the surface, the {-potential remains quite negative at —24 mV. These data indicate
that nucleophilic sites make up only a fraction of the negative -potential, and the remainder of the
negative charge stays delocalized in the nanosheet. Nonetheless, the compensation of negative
charge clearly indicates that Ni?* adsorbs to the surface as a cationic species rather than secondary

nucleating as neutral Ni(OH)2 or NiS.
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'36% Ni

Figure 1.9. TEM, HAADF-STEM and EDS mapping of 36% to 47% Ni-LixWSy samples showing
a uniform distribution of Ni throughout theWS; nanosheets.

Figure 1.10. (@) TEM image of 61% Ni-LixWSy showing the formation of secondary nucleated
Ni(OH): films on top of the LixWSy nanosheets. HAADF and EDS elemental mapping showing
(b) regions of major Ni(OH). secondary nucleation and (c) regions where Ni remains uniformly
distributed on the LixWSy nanosheets.
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Table 1.2. Summary of elemental analysis obtained using EDS. The tungsten M edge, sulfur K
edge, and nickel K edge were used for quantification.

Sample W at.% Sat.% | Niat.% W:Ni (%) | W+Ni: S
0.1eq NiwrtW 25 74 1 96 : 4 1:3

0.14 eq Ni wrt W 23 76 1 96 : 4 1:3

0.2 eq Niwrt W 23 75 2 92:8 1:3

0.4 eq Niwrt W 23 75 2 92:8 1:3

1.0 eqg Ni wrt W 19 74 6 75:25 1:3

1.4 eq Niwrt W 21 69 10 68 : 32 1:2

2.0 eq Niwrt W 27 62 11 71:29 1:2

4.0 eq Ni wrt W 21 55 24 47 : 53 1:1
WS2-OAm (no TEA | 20 80 --- --- W:S>1:4
in cleaning)

WS (TEA added in | 24 76 W:S>1:3
cleaning)

LixWSy 31 69 W:S>1:2
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Table 1.3. Summary of elemental analysis obtained using ICP-OES. These Ni at.% values used to
label samples in the rest of the paper.

Sample Nippm | Wppm | Niwt% |Wwt.% | Niat% W at.%
0.leqgNiwrtW |0.2 7.7 3.0 97 9 91
0.14 eq NiwrtWw | 0.3 7.3 4.0 96 11 89
0.2eqNiwrtWw |04 7.8 5.0 95 14 86
0.4eqNiwrtW | 0.6 7.2 8.0 92 21 79
1.0eqgNiwrtW |16 9.1 15 85 36 64
14eqNiwrtW |18 7.8 19 81 42 58
20egNiwrtW | 2.7 9.4 22 78 47 53
40eqNiwrtW |43 8.9 33 67 61 39

High-resolution STEM (HR-STEM) imaging of the LixWSy, 14% Ni-LixWSy, 36% Ni-
LixWSy, and 47% Ni-LixWSy samples show a random pattern of high and low contrast regions on
a 1-2 nm size scale, indicating that the n-BuL.i activation step generates variable layer thicknesses
on the basal plan due to non-uniform etching (Figure 1.11, 1.12a-b). While the bright regions are
difficult to analyze due to multilayer stacking, the dimmer parts of the sample clearly show the
well-defined hexagonal pattern of tungsten atoms expected for crystalline 1T-WS,. Tungsten
vacancies and internal voids scattered throughout the monolayer regions are also evident. In
previous examples of single-atom doped MoS;, the dopant is typically detected in HR-STEM
images due to intensity differences in annular dark-field (ADF) Z-contrast between the dopant and
Mo.56810-1234-36 Apalysis of monolayer regions in the 36% and 47% Ni-LixWSy images reveal two
distinct morphologies of extra-lattice intensity that can be assigned to the presence of Ni atoms
(Figure 1.12a-b). In Figure 1.12c and 1.12e, an additional atom is located on a hollow or bridge
site on top of the W lattice (h-Top) and appears interstitial to the underlying W atoms as evidenced
by both the image and the integrated intensity line scan across the boxed atoms. In Figure 1.12d
and 1.12f, a Ni atom is located directly on top of a W atom (W-Top), making it particularly bright
relative to its neighbors. Based on the crystal structure of 1T-WS,, the h-Top configuration
involves a Ni atom bound to a single sulfide ligand while the W-Top includes up to three sulfide
coordination sites. Both of these configurations have been computationally predicted and

experimentally observed for transition metal adsorbates on MoS;.310:16:37
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Figure 1.11. High-resolution STEM image of (a) LixWSy with an enlarged region showing a (b)
line intensity scan. High-resolution STEM image of (¢) 14% Ni sample with enlarged regions and
line intensity scans showing Ni single atom as an (d) interstitial atom (h-Top) and (e) on top of a
W atom (W-Top).
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Table 1.4. Zeta-potential measurements of as-synthesized WS, LixWS>, and Ni-LixWSy samples.
Three measurements were made for selected samples to obtain an average and standard deviation.

Sample £ (mV) Std. Dev.
WS> -2.02 (avg) +0.1 mV
LixWSy -34.3 (avg) +0.5 mVvV
9% Ni- LixWSy -32.7 --
11% Ni- LixWSy | -32.4 -
14% Ni- LixWSy -30.5 (avg) +0.8 mV

21% Ni- LixWSy -28.5 -
36% Ni- LixWSy -26.7 --
42% Ni- LixWSy -26.0 -
47% Ni- LixWSy -24.3 (avg) +0.8 mV
61% Ni- LixWSy -23.6 (avg) +0.3 mV
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Figure 1.12. HR-STEM image of (a) 47% Ni-LixWSy, and (b) 36% Ni-LixWSy, (c-f) enlarged
regions of the STEM images and intensity line scans for the boxed atoms illustrating different Ni
single atom morphologies.
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Figure 1.13. (a-c) HR-STEM images of 47% Ni-LixWSy and the pixel grid where EELS mapping
was obtained, (d-f) EELS spectra for individual pixels in each region.

Analyses of ADF Z-contrast for dopant identification are most reliable on defect-free single
monolayer sheets because the contrast of the TMD sheet itself is extremely uniform. In our
solution-processed nanosheets that contain defects and variable thickness, it is more difficult to
definitively ascertain the location of Ni atoms simply through contrast analysis. As a result, we
also performed electron energy loss spectroscopy (EELS) coupled to HR-STEM imaging. EELS
mapping with 2 A resolution confirms the presence of Ni atoms in a diversity of binding
morphologies on the 47% Ni-LixWSy sample. Three regions of the sample are shown in Figure
13a-c. In each region, EELS spectra were acquired from each of the eighteen pixels shown in the
image, and only the pixels shaded in gray contain Ni (L-edge 855 eV). Representative EELS
spectra acquired at individually numbered pixels in each region are provided in Figure 1.13d-f,
and all of the remaining spectra are provided in Figure 1.14. In Figure 1.13a, a region where no Ni
is observed, each pixel in the grid spans laterally across 0-2 W atoms on the WS sheet, which
would imply that single atoms of Ni bound in either h-Top or W-Top sites on the WS; sheet should
be present via EELS mapping in a maximum of 3-4 square pixels. In Figure 1.13b, Ni is observed
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in three pixels on the left-most edge of the mapped region, and the Ni EELS feature is extremely
low in intensity in all three of those spectra (Figure 1.13b, 1.13e, 1.14a). In contrast, Figure 1.13c
shows a region where both the Ni EELS intensity in a given pixel and the number of pixels where
Ni is detected are both significantly higher (Figure 1.13c, 1.13f, 1.14b). In Figure 1.13c, each Ni-
containing pixel has ~2-fold higher Ni concentration compared to Figure 1.13b based on the
integrated area under the Ni EELS peak. Combined with the spatial extent of Ni detected in pixels
1-6 and 10-12, these data suggest that a significant agglomeration of Ni in the form of a
multimetallic cluster is present on the surface of WS in Figure 1.13c while a smaller Ni cluster or
Ni single atom is present in Figure 1.13b. The clustering of Ni observed in this sample (47% Ni-
LixWSy) is likely due to the high atomic percentage of Ni present on the surface of WS, which,
for our synthetic method, is the maximum Ni loading before obvious secondary nucleation of
Ni(OH). occurs. We anticipate that the relative proportion of isolated to clustered Ni atoms should
be strongly dependent on the loading of Ni on the LixWSy nanosheet.

Because HR-STEM coupled to EELS mapping is an inherently localized characterization
technique and isolated atoms of Ni are extremely difficult to locate in more dilute Ni-LixWSy
samples, we turned to X-ray absorption spectroscopy to elucidate the average coordination
environment and electronic structure of Ni atoms on the surface. The X-ray absorption near-edge
structure (XANES) of the Ni K-edge clearly indicate that all Ni species adsorbed on WS; remain
in the oxidized Ni?* form. The white line intensities and edge energies for the 14% and 47% Ni-
LixWSy samples are close to that of the reference Ni(OH)2 powder with slight shifts in Eo toward
lower energy (Figure 1.15a). These data indicate that there is a small perturbation in the electronic
properties of the Ni species due to binding to the electron-rich WS, substrate, but the oxidation
state remains essentially unchanged.®®2° The XANES data for Ni foil is provided as a reference,
which exhibits obviously lower edge energy and lower white line intensity compared to the doped

Ni-LixWSy samples.
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Figure 1.14. EELS spectra from the 47% Ni-LixWSy sample for all pixels in (a) the region in Figure
1.12b and (b) the region in Figure 1.12c.
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Figure 1.15. (a) XANES region, (b) EXAFS data in R-space, and (c) XPS of the Ni 2p region for
14% and 47% Ni-LixWSy as well as Ni foil and Ni(OH). control samples.

The extended X-ray absorption fine structure (EXAFS) provides more detailed information
on the local coordination environment of Ni species on the surface of WS;. On the three Ni-LixWSy
samples analyzed (14%, 36% and 47%), the first coordination shell is dominated by Ni-O
scattering pathways with small contributions from Ni-S scattering, likely due to solvent
coordination to the molecular Ni complex adsorbed onto the WS, surface (Figure 1.15b, 1.16,
Table 1.5). Due to the isolated nature of adsorbed Ni species, the second coordination shell is
relatively weak, which is markedly different from the strong Ni—Ni scattering present in the
Ni(OH). control. EXAFS data fitting reveal that 36% Ni-Lix\WSy and 47% Ni-LixWSy, high
coverage samples in the plateau regime of Ni loading, have Ni—Ni coordination numbers (CN) of
2.6 and 3.1, respectively (Table 1.5). While still substantially lower than the expected Ni—Ni CN
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of 6 in bulk Ni(OH), these CN values corroborate the observation of Ni cluster formation in the
EELS mapping for high Ni coverage samples. In contrast, at 14% Ni-LixWSy, the Ni—Ni scattering
peak is much lower in intensity (CN 1.5), suggesting that Ni atoms remain more isolated when the
Ni loading is relatively low (Figure 1.15b).

X-ray photoelectron spectroscopy (XPS) also reveals a perturbation in the Ni electronic
properties upon binding to the electron-rich WS, nanosheet. In the Ni 2p region, the primary Ni?*
peak at 855 eV is accompanied by an additional lower energy shoulder at 853 eV in all Ni-LixWSy
samples (Figure 1.15c). The lower binding energy is likely indicative of greater electron density
due to binding to the electron-rich sulfur ligands on the surface and partial electron transfer from
the WS, nanosheet.***! The proportion of electron-rich Ni is higher in the sample with the lower
Ni coverage and decreases as the Ni coverage on the surface increases.

Importantly, the synthetic process was found to be highly reproducible based on elemental
analysis and electrochemical characterization of three independent preparations of Ni-LixWSy at
0.2 eq. and 2 eq. NiCl; added in solution (Table 1.6, 1.7).
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Figure 1.16. (a) EXAFS fits (dotted) overlaid with experimental data (solid) for the first and second
coordination sphere (0.6-3.2 A) in R-space for three Ni-Lix\WSy samples. (b) XANES region for
the 36% Ni-LixWSy sample. The XANES region for the 14% and 47% Ni-LixWSy samples are
provided in the main text.
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Table 1.5. Summary of EXAFS best fit parameters for the Ni K edge on a Ni(OH). sample and
three representative Ni-LixWSy samples. Ni foil was used a reference.

XANES | XANES
Sample | Energy | Pre-edge | Scattering | CN | R (A) | Ac?(A)? | Eo (eV) | Res. %
(KeV) Energy Pair
(KeV)
Ni Foll 8.3328 --- Ni-Ni 12 2.492 --- --- ---
(Ref)
Ni(OH)2 | 8.3469 8.332 Ni-O 6.3 | 2.069 | 0.001 0.63 | ---
Ni-Ni 6.3 | 3.114 | 0.001 -0.99
47% Ni | 8.3459 8.333 Ni-O 51 | 2.089 | 0.001 2.47 | 5.6%
Ni-S 0.55 | 2.369 | 0.001 -6.18
Ni-Ni 3.2 | 3.019 | 0.003 -3.02
36% Ni | 8.3460 8.333 Ni-O 42 | 2078 | 0.001 2.31 | 5.2%
Ni-S 0.83 | 2.398 | 0.001 -5.28
Ni-Ni 2.7 | 2953 | 0.003 -5.57
14% Ni | 8.3463 8.333 Ni-O 46 | 2112 | 0.001 4.37 | 3.8%
Ni-S 0.96 | 2.212 | 0.001 13.7
Ni-Ni 15 | 3.098 | 0.003 -3.62
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Table 1.6. Electrochemical reproducibility studies on representative Ni-LixWSy samples showing
reproducible Ni(ll/111) redox behavior and Ni RF. Averages and standard deviations are obtained
from three separate electrochemical experiments for each sample.

Sample Ni Red. E Avg. Enired Ni Red. Area Ni RF Avg. Ni
2
(Vvs.RHE) | (Vvs. RHE) (HC/em?) RF
144 133 0.54
11% Ni 144 122 0.50 | 0.56 +0.06
1.44 +0.003
143 157 0.64
144 183 0.74
14% Ni 145 187 0.76 | 0.77+0.03
1.45 + 0,001
142 200 0.81
143 1140 4.65
47% Ni 143 1130 457 | 485+03
1.43 +0.003
143 1310 5.34

Table 1.7. Synthetic reproducibility studies. Elemental analysis for four independent preparations
of Ni-LixWSy for a fixed 0.2 eq NiCl, added in solution.

Ratios W : Ni at.%
0.2 eq Ni-LixWSy 93:7 (XPS)
Batch #1
0.2 eq Ni-LixWSy 94 : 6 (XPS)
Batch #2
0.2 eq Ni-LixWSy 93:7 (EDS)
Batch #3
0.2 eq Ni-LixWSy 93:7 (EDS)
Batch #4

1.4.1 Electrochemical Reactivity

Numerous examples from the literature featuring composite materials comprising Ni-
containing nanoparticles and metal chalcogenide nanosheets have been shown to exhibit enhanced
hydrogen evolution or oxygen evolution reactivity, due in part perhaps to an electronic
perturbation of Ni centers in close contact with the metal chalcogenide.*>*® Based on the

microscopic and spectroscopic characterization of our Ni-LixWSy samples, we hypothesized that
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the relatively isolated Ni%* ions bound to the electron-rich WS, nanosheet would exhibit very
different redox properties from bulk nickel sulfide or nickel hydroxide materials. All samples used
for electrochemical comparison were synthesized based on literature reports and tested under
identical electrochemical conditions to Ni-LixWSy (Figure 1.17-1.20).

Figure 1.17. TEM images of Ni-containing control samples: Ni(OH). sheets, NiS nanoparticles,
NisS; films, and NiFe LDHs.

We used electrochemistry in 0.1 M KOH to probe the redox and catalytic properties of Ni*
atoms in Ni-LixWSy. In all cases, a large oxidation feature is observed in the first two CV scans
corresponding to partial oxidation of the WS, nanosheet itself (Figure 1.21). Thereafter, the
Ni(I1/111) redox feature between 1.4 V and 1.6 V vs. RHE appears, grows steadily in area for the
next 30-40 scans, and remains stable thereafter (Figure 1.22, 1.23a). The cathodic peak position at
both the 4™ and 75" CV scan as well as the peak center at the 75" CV for the Ni(ll/IIl) redox
couple are plotted as a function of %Ni loading on WS; along with NiS, NisSz, and Ni(OH)2 control
samples (Figure 1.23b). The trend in Ni(ll/lll) redox potential is consistent regardless of the
number of CV scans performed. All of the Ni-LixWSy samples exhibit a significant positive shift
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in Ni peak position of 80-140 mV relative to the Ni(OH). control. The observed Ni(ll/111) peak
centers (E12) fall between 1.48 and 1.51 V vs. RHE, which is relatively similar to the E1, of 20
nm NiS nanoparticles, suggesting that the adsorbed Ni?* species are bound to sulfides on the
LixWSy surface. Intriguingly, the positive shift in redox potential observed here is similar in
magnitude to that of one of the most active Ni-based oxygen evolution catalysts, Ni-Fe layered
double hydroxides (LDH) (Figure 1.20).4%* In the Ni-Fe LDHSs, the redox potential shift due to
Fe doping accelerates the key O—O bond forming step in water oxidation, and a significant amount
of Fe doping is required in order to shift the overall band structure of Ni(OH)2 to the optimal
energy for water oxidation.>>>’ Here, every Ni atom up to the maximum loading of 47% Ni-
LixWSy is directly bound to sulfides on the WS> surface and experiences the strong positive shift

in redox potential.

Figure 1.18. EDS elemental mapping on NiFe LDH samples. (a) NiFe 1:1, (b) NiFe 1:4, and (c)
NiFe 1:9.
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Figure 1.19. Evolution of the Ni(lI/111) redox features during 75 CV scans in 0.1 M KOH at 100
mV s for all Ni-containing control samples: Ni(OH) sheets, NiS nanoparticles, NisS; films, and
NiFe LDHs.
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Figure 1.20. Electrochemical data all Ni control samples: NiFe LDHs, NiS, NisS2, and Ni(OH)..
(a) CV of the Ni(1l/111) redox feature in the 75" scan, (b) Ni(11/I11) reduction potential in the 4"
and 75" CV, (c) geometric OER current density vs. potential for the 4" scan, (inset) geometric
OER current density at 1.63 V, (d) Ni-normalized OER current density at 1.63 V.
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selected Ni-LixWSy samples.
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Figure 1.23. Electrochemical data for Ni-LixWSy and various Ni control samples. (a) CV of the
Ni(11/111) redox feature in the 75™ scan, (b) Ni(11/111) redox potential as a function of Ni loading,
(c) geometric OER current density vs. potential for the 4" scan, (inset) geometric OER current
density at 1.63 V as a function of Ni loading, (d) Ni-normalized OER current density at 1.63 V as
a function of Ni loading.

While the Ni(ll/111) redox potentials stay relatively constant regardless of Ni loading on
LixWSy, we observe a clear correlation between the current density for oxygen evolution at 1.63
V vs. RHE and the Ni?* loading on the WS; surface. In all cases, OER current density is reported
in the 4™ CV scan to best represent the activity of the as-synthesized Ni-Lix\WSy sample. The
geometric current density for OER increases with Ni loading up to the plateau loading of ~40%
simply due to an increase in the number of accessible active sites for OER catalysis (Figure 1.23c).
However, the OER activity begins to drop once secondary nucleation of Ni(OH)2 occurs on the
sample at 61% Ni-LixWSy. Pure Ni(OH)2 and undoped LixWSy exhibit 20-fold and 200-fold lower

46



OER geometric current density, respectively, than the most active Ni-LixWSy sample. All of the
Ni-LixWSy samples show very similar Tafel slopes for OER, ranging from 51 to 72 mV/dec, which
are entirely consistent with Ni-catalyzed reactivity (Figure 1.24).> Together, these data suggest
that the high dispersion of catalytically active Ni sites on the WS, nanosheet are critically
important toward achieving high OER catalytic activity. In order to deconvolute the inherent
activity per Ni site from the number of active sites available on the surface, we also normalize the
OER activity by the electrochemical surface area for Ni, represented by the integrated charge
within the Ni(ll/111) reduction feature (Table 1.7). We observe that the samples with the lowest
loading of Ni?* have the highest intrinsic catalytic activity, likely due to the geometric isolation of
Ni%* sites on the surface of the WS, nanosheet (Figure 1.25d). As the Ni loading increases, Ni
single atoms begin to aggregate into small clusters as observed in the STEM-EELS mapping and

EXAFS data, thus reducing the intrinsic activity per Ni site.

. 1% N?-L?XWSy
14% Ni-Li WS,
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Figure 1.24. Tafel plots for 11%, 14% and 47% Ni-Lix\WSy samples in comparison with NiFe
LDHs and Ni(OH) control samples at a scan rate of 1 mV s in 0.1 M KOH.
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Figure 1.25. (a) HAADF-STEM image and EDS mapping of W, O, Ni, and S distribution for 36%
Ni-LixWSy after 75 CV scans under OER conditions. (b) Change in the EXAFS spectrum before
and after CV cycling.

While the redox behavior and OER activity of Ni dopants on the as-synthesized Ni-LixWSy
sheets are clearly modified relative to bulk Ni(OH), the electrochemical progression during CV
cycling suggests that the structure evolves during OER catalysis (Figure 1.22). To understand the
structural evolution of Ni-doped LixWSy, we also characterized the sample using STEM-EDS
mapping and XAS after 75 CV scans under OER conditions. Based on STEM-EDS data, the Ni
dopants remain evenly distributed across the WS nanosheets despite the fact that the WS, support
itself has begun to decompose (Figure 1.25a, 1.26, 1.27). Most of the material degradation occurs
due to oxidation of the WS, sheets themselves under the basic and oxidizing OER conditions,
including dissolution of WO4%~ and formation of WO3 nanoparticles as shown in the circled region
in Figure 25a. The Ni K-edge XANES data changes relatively little during electrochemical cycling,
but the EXAFS scattering pathway at 2.5 A that corresponds to Ni—Ni scattering in Ni(OH)2 grows
significantly in the 36% and 47% Ni-LixWSy samples from CN 2.5-3 to CN 4.5-5 (Figure 1.25b,
Table 1.9). In extended CV cycling tests up to 1000 scans on the 47% and 14% Ni-LixWSy samples,
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the geometric current density for OER declines by ~20% after an initial increase over the first 100
scans, likely due to aggregation in catalytically active Ni species. However, the activity retention
for Ni-LixWSy samples remains better than a pure Ni(OH)2 sample, which declines by over 70%
under the same cycling conditions (Figure 1.28-1.29). While these Ni-LixWSy materials may not
be practical OER catalysts due to their instability over extended cycling, we anticipate that the
highly tunable and reproducible synthetic method demonstrated herein will have broad relevance
toward introducing other first-row transition metal single atoms with catalytic, magnetic, or optical
importance onto the versatile electronic platform of transition metal dichalcogenide nanomaterials.

Table 1.8. Summary of Ni reduction peak area and roughness factors after 4 and 75 CV scans in
0.1 M KOH at a scan rate of 100 mV s* for all Ni-LixWS, samples as well as the control samples
NiFe layered double hydroxides (LDH), Ni(OH), NiS, and NisS.

Sample Scan 4 Scan 75

Ni Red Area|NiRF Ni Red Area|NiRF

(uC/cm?) (uCl/cm?)
9% Ni 23 0.09 95 0.39
11% Ni 37 0.15 133 0.54
14% Ni 70 0.28 183 0.74
21% Ni 242 0.98 277 1.13
36% Ni 686 2.79 764 3.10
42% Ni 1090 4.44 928 3.77
47% Ni 881 3.58 1140 4.65
61% Ni 1090 4.45 1690 6.89
NiFe 1:1 55 0.22 111 0.45
NiFe 4:1 108 0.44 474 1.93
NiFe 9:1 357 1.45 1010 4.09
Ni(OH)2 2360 9.60 2360 9.60
NiS 85 0.34 125 0.51
Ni3S2 579 2.35 717 2.91
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Figure 1.26. TEM, HAADF-STEM and EDS elemental mapping of 9% to 21% Ni-LixWSy
samples after 75 CV scans under OER conditions.
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Figure 1.27. TEM, HAADF-STEM and EDS elemental mapping of 36% to 47% Ni-LixWSy
samples after 75 CV scans under OER conditions. Figure is continued on top of next page.
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Table 1.9. Ni K edge EXAFS best fit parameters after 75 CV scans under OER conditions for 47%
and 36% Ni-LixWSy. The 14% Ni-LixWSy sample had insufficient data quality to perform EXAFS

fitting.
XANES | XANES
Sample | Energy | Energy Scattering | CN | R(A) | A6%(A)? | Eo Res. %
(KeV) | (KeV) pre-| Pair (eV)
edge
Ni Foil 8.3328 | --- Ni-Ni 12 2.492 | 0.000 -— | -
Ni(OH)2 | 8.3469 | 8.332 Ni-O 6.3 2.069 | 0.001 0.63
Ni-Ni 6.3 3.114 | 0.001 -0.99 |
Ni-O 5.2 2.109 | 0.001 2.20
47%Ni | 8.3461 | 8.332 Ni-S 0.67 |[2213 |0.001 -0.78 | 6.62%
Ni-Ni 4.9 3.109 | 0.003 1.35
Ni-O 51 2.106 | 0.001 1.92
36% Ni | 8.3462 | 8.333 Ni-S 083 2221 10.001 -6.38 | 6.73%
Ni-Ni 4.6 3.104 | 0.003 1.26
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Figure 1.28. Stability test over 1000 OER cycles at a scan rate of 300 mV s for the 14% and 47%
Ni-LixWSy samples and Ni(OH); as control.
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Figure 1.29. OER activity at 1.63 V vs. RHE as a function of cycle number for the 14% and 47%
Ni-LixWSy samples and Ni(OH)2 as control.

1.5 Conclusions

We have developed a solution-phase synthetic method to activate colloidal WS nanosheets
using n-BuL.i and introduce surface-adsorbed Ni species ranging in coverage from 9% to 47% Ni
with respect to W. Atomic resolution STEM imaging coupled to EELS mapping on two high
coverage Ni-LixWSy samples show that both isolated Ni atoms and Ni multimetallic clusters
coexist on the surface. In tandem with X-ray absorption spectroscopy, these data indicate that Ni
species adsorb primarily as single atoms in the low coverage regime and as a mixture of single
atoms and clusters in the high coverage regime. The electronic properties of the Ni atoms are
significantly perturbed through adsorption to WS; as evidenced by an electron-rich Ni feature in
the XPS and positively shifted Ni(ll/111) redox potential relative to a Ni(OH)2 control sample. Both
the electronic perturbations and the speciation of Ni sites as isolated atoms play a role in enhancing
the intrinsic catalytic activity of Ni-Lix\WSy samples for the oxygen evolution reaction. We
anticipate that the single atom functionalization strategy demonstrated in this work, activation of
free sulfide sites on the basal plane followed by transition metal coordination, will be broadly
applicable for first-row transition metals and provide a general route to introduce additional

optoelectronic and catalytic functionality into TMD nanomaterials.

54



1.6 Experimental Methods
1.6.1 Materials

Tungsten(V1) chloride (99.9+%, trace metal basis), sulfur (99.999%, trace metal basis), and nickel
acetylacetonate (96%) were purchased from ACROS Organics. Nickel(Il) chloride anhydrous
(98% purity), nickel(Il) nitrate hexahydrate (98%), iron(lll) nitrate nonahydrate (ACS, 98.0-
101.0%) and anhydrous n-hexanes were purchased from Alfa Aesar. Carbon disulfide
(Spectranalyzed™), hexanes (certified ACS) and 2-propanol (certified ACS plus) were purchased
from Fisher Scientific. Carbon black (Vulcan XC 72R) was purchased from FuelCellStore.
Oleylamine (technical grade, 70%), oleic acid (technical grade, 90%), N-methylformamide (99%),
5 wt.% Nafion solution, n-butyllithium solution (1.6 M in hexanes), cysteamine hydrochloride
(>98%), and 1,5-pentanediol (>97.0%) were purchased from Sigma-Aldrich. Triethylamine
(99.5% min) was purchased from Thomas Scientific. Ethanol (200 proof) was purchased from
Decon Labs, Inc. Fluorine-doped tin oxide (FTO) electrodes (TEC 7, R: 6-8 Q/sq) were purchased
from MTI Corporation. All chemicals were used without further purification. Electrolyte solutions
were prepared from Nanopure water (ASTM Type 1, 18.2 MQ), purified using a Thermo Scientific
Barnstead Ultrapure Water System.

1.6.2 Synthesis of 1T-WS:2 nanosheets

The synthesis of 100 nm 1T-WS; nanosheets is based upon a literature procedure.1 A 3-
neck round bottom flask is charged with 15 mL of oleylamine (OAm), which is degassed under
vacuum at 65 °C for 1 hour and then heated to 320 °C under inert atmosphere. Separately, WClg
(50 mg, 0.125 mmol) is suspended in 300 pL of oleic acid (OA), and the suspension is sonicated
until fully dissolved. The vial is purged with N2, and CSz (240 pL, 3.97 mmol) and OAm (5 mL)
are added. This W and S precursor solution is then injected dropwise into the hot OAm solution
and aged at 320 °C for 20 minutes. The solution is then removed from heat and cooled to room
temperature. To purify the nanosheets, hexanes (15 mL) and isopropanol (15 mL) were added and
the solution was centrifuged at 8700 rpm for 10 min. After the supernatant was decanted, the solid
was resuspended in hexanes with an aliquot of triethylamine (1.7 mL, 12.3 mmol) in order to fully
remove adsorbed sulfur impurities. The trimethylamine addition is also critical to maintaining

colloidal stability and synthetic reproducibility during the next step of the synthesis. This solution

55



was again precipitated with isopropanol and centrifuged. The solid was collected and dried at
120 °C under inert atmosphere for 20 minutes. The dried nanosheets were stored under inert

atmosphere as a powder.

1.6.3 Synthesis of Ni-LixWSy nanosheets

To the dried WS, nanosheets (5 mg, 0.0125 mmol), a 0.1 M solution of n-BuLi in hexanes
(1 mL) was added under inert atmosphere and stirred for 2 hours. The nanosheets are completely
colloidal in hexanes. The Li-treated nanosheets were rinsed with excess hexanes and redispersed
in NMF. Varying volumes of a Ni precursor solution (0.04 M NiClz in NMF) were then added and
stirred for 24 hours at room temperature to achieve variable Ni surface loading. Eight different Ni
loadings with respect to to W, ranging from 0.1 eq. (3.5 uL) to 2 eq. (70 uL), were synthesized.
After the Ni functionalization step, the nanosheets were precipitated with ethanol (1.25 mL) and
centrifuged at 13000 rpm for 7 minutes. The supernatant was decanted and the cleaning step
repeated one time. The Ni-functionalized nanosheets were resuspended in NMF to achieve a

nominal concentration of 0.0125 M by W at.%.

1.6.4 Synthesis of NiS

This synthesis is based on a literature procedure.? In a 3-neck round bottom flask, a solution
of nickel nitrate (0.2908 g, 1 mmol) and oleylamine (10 ml) was heated at 100 °C for 1 hour under
N2. In another 3-neck round bottom flask, elemental sulfur (0.0321 g, 1 mmol) and oleylamine (10
ml) were heated at 70 °C for 30 minutes. The sulfur precursor solution was injected into the nickel
precursor solution at 100 °C and heated rapidly to 210 °C. After 1 hour, the NiS nanoparticles
were collected by centrifugation and rinsed with an excess of ethanol. These nanoparticles were
redispersed in hexanes to give a solution with 12.5 mM nominal concentration.

1.6.5 Synthesis of NisS2

This synthesis is based on a literature procedure.® A solution of Ni(acac)z (200 mg, 0.78
mmol), cysteamine (50 mg, 0.65 mmol) and 1,5-pentanediol (20 mL) was heated to 250 °C and

refluxed for 30 minutes. After the flask was cooled to room temperature, the NizS2 nanoparticles
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were collected by centrifugation and rinsed with an excess of isopropanol. These nanoparticles

were redispersed in in ethanol to give a solution with 12.5 mM nominal concentration.

1.6.6 Synthesis of Ni(OH)2 and NiFe LDH control samples

Control samples of Ni(OH). and NixFe1.x(OH)2 were synthesized following a previously
reported method.* Ni(NOs)2:6 H20 and Fe(NOs)3-9 H20 (1 mmol total) in different ratios were
dissolved in water. Aliquots of a 1.0 M KOH (aqg.) solution were added until the pH reached 10.
The solution was then transferred to an autoclave and heated to 150 °C for 12 hours. The resulting
solid was rinsed with excess H20 and EtOH and dried at 60 °C. In order to deposit these materials
uniformly onto electrodes, the metal hydroxide (5 mg) was sonicated in a Nafion and ethanol

solution (1 mL, 0.25 wt.% Nafion) until a stable suspension was achieved.

1.6.7 Physical Characterization Methods

Atomic force microscopy (AFM) data were obtained using a Veeco Dimension 3100 AFM
using tapping mode. Transmission electron microscopy (TEM) images were acquired using an FEI
Tecnai T20 TEM equipped with a 200 kV LaB6 filament. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and energy-dispersive spectroscopy (EDS)
mapping were obtained on an FEI Talos F200X S/TEM with a 200 kV X-FEG field-emission
source and a super X-EDS system. High resolution TEM and STEM images were collected using
a Thermo Scientific Themis Z with energy of 300kV equipped with a Gatan Quantum 965 detector
for EELS measurements. Zeta-potential measurements were acquired using a Malvern Instrument
Zetasizer Nano-Z at room temperature. Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) was collected using an iCAP 7000 Plus Series ICP-OES. An average of three
measurements were taken at both the tungsten (239.709 nm) and nickel (221.647 nm) wavelengths.
UV-Vis data was collected using an Agilent Cary 6000i UV-Vis-NIR Spectrophotometer equipped
with a PTM detector. X-ray photoelectron spectroscopy (XPS) data were obtained with a Kratos
AXIS Ultra Delay-Line Detector Imaging X-ray Photoelectron Spectrometer.

X-ray absorption spectroscopy (XAS) experiments were carried out at the 10-1D beamline
at the Advanced Photon Source (APS), Argonne National Laboratory at the Ni K edge (8.3328

keV) in transmission mode. Samples were supported on carbon and pressed to form a self-
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supported wafer. Spectra were obtained at room temperature. During each measurement, a Ni foil
was scanned simultaneously through a third ion chamber for internal energy calibration. WINXAS
3.1 software was used to analyze the collected data. EXAFS coordination parameters were
obtained by a least-squares fit in R-space of the k?-weighed Fourier transform data from 2.7 to 7.0
A1, EXAFS fitting of the first and second coordination shell was carried between 0.6 and 3.2 A
in R-space. Fittings were done by refining bond distances (R), coordination numbers (CN) and
energy shift (Eo). The Debye-Waller factor (Ac®) was kept constant for each sample. Phase and
amplitude fitting functions were determined from Ni foil (Ni-Ni CN=12 at R=2.492 A). FEFF6
calculations were used to obtain theoretical phase and amplitude files for Ni-O, Ni-S, and Ni—Ni.

Powder X-ray diffraction (XRD) measurements were carried out at the 11-ID-C beamline
at the APS using X-rays of A =0.1173 A (105.6 keV) using a PerkinElmer large-area detector to
acquire data. Samples were supported on carbon and diluted with silica to obtain a self-supported
pellet. Background scattering of silica, carbon and the empty cell were collected under the same
conditions and subtracted from the sample XRD pattern. The powder X-ray diffraction pattern for
as-synthesized WS2-OAm was acquired using a Panalytical Empyrean Powder X-ray
Diffractometer with Cu K-a X-rays of A = 1.5406 A (8.04 keV).

Samples for TEM were prepared by drop casting from a 12.5 mM colloidal solution onto
a carboncoated Cu grid. To obtain characterization data for samples post cyclic voltammetry, the
electrode was immersed in ethanol and sonicated until all of the powder came off the substrate.
Varying volumes of ethanol were required to remove the catalyst depending on electrode size: 200
uL for the 0.0707 cm? glassy carbon electrode or 3 mL for the 0.7 cm? fluorine-doped tin oxide
electrode. The ethanol suspension was then centrifuged at 13000 rpm for 5 min, and the
supernatant was removed. The solid was dried in air prior to analysis.

Samples for HR-STEM were cleaned 5 times with ethanol to ensure the complete removal
of any organic residues and solvent NMF. The nanosheets were then diluted 5 times (2.5 mM) and
drop casted onto a Au grid coated with an ultrathin carbon film (Ted Pella, 3 nm). The Au grid
was kept under inert atmosphere and cleaned with an Ar plasma prior to imaging.

Samples for zeta-potential measurements were prepared by sonicating 1 mg of sample in 1
mL of water and then adding 1 mL of phosphate buffer (pH ~7). The solution was sonicated until
a uniform dispersion was achieved, and 500 pL of this solution, transferred to a folded capillary

zeta cell (Malvern), was utilized for the measurement.
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Samples for ICP-OES were cleaned 5 times with ethanol to ensure the complete removal of any
organic residues and solvent NMF. The samples were digested using aqua-regia (3:1) for two days
and diluted with 2 wt.% aqueous HNOg.

1.6.8 Electrochemical Methods

Electrochemical experiments were conducted on Gamry Interface 1010B potentiostat. The
working electrode was prepared by drop casting 1 uLL of a 12.5 mM colloidal solution. The samples
were dried for 25 minutes at 60 °C. The counter electrode was a Pt mesh gauze. The electrolyte
used for all electrochemical experiments was 0.1 M KOH with pH of 13 purged with N.. Currents
are reported with anodic current as positive and cathodic current as negative. Potentials were
measured against a Ag/AgCl reference (3 M NaCl) and converted to the RHE reference scale

using:

E (vs RHE) = E (vs Ag/AgCl) + 0.210 V + 0.0591 V*pH

Cyclic voltammetry was performed for all samples between 1.67 V and —0.3 V vs RHE at
100 mV st scan rate. Linear sweep voltammetry was subsequently carried out from 1.28 V to 1.67
V vs. RHE at a scan rate of 1 mV s to generate the Tafel plot. The solution was purged with N>
for at least 10 minutes prior to all electrochemical experiments. To assess the stability of the Ni-
LixWS; samples, CV scanning over 1000 cycles was carried out on two representative loadings of
Ni-LixWS; (14% and 47%) and on Ni(OH)2 as a control sample.

The activity for the oxygen evolution reaction is assessed at 1.63 V vs. RHE in the 4" and
75" anodic scans. Both geometric and Ni-normalized current densities are reported. To obtain the
Ni normalized current density, the Ni(lll/11) reduction peak area between 1.37 V and 1.5 V is
integrated for each scan and normalized relative to a Ni single crystal.> The roughness factor (RF)

is obtained based on the following equation:

. Area of Ni(Il1/II) Reduction
B 246 uC/cm?2
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A number of Ni-containing reference samples were prepared for comparison to Ni-LixWSy
samples. NiS nanoparticles are prepared as a 12.5 mM colloidal solution in hexanes and Ni3S
nanoparticles are prepared as a colloidal solution in ethanol. NixFeix(OH), and Ni(OH). are
prepared as suspensions in an ethanol solution containing Nafion binder. In all cases, 1 uL of the

catalyst solution is deposited onto a glassy carbon electrode for electrochemical experiments.
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Figure 1.30. EDS spectra for all Ni-LixWSy samples.
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Table 1.10. Summary of elemental analysis obtained using XPS on selected Ni-LixWSy samples.

Sample Wat% |Sat% | Niat% | W:Ni (%) | Ratio Ratio
W:S W+Ni : S

WS2 31 69 1:2

LixWSy 30 70 --- --- 1:2 ---

14% Ni 29 69 2.0 94:6 1:2 1:2

47% Ni 27 65 7.0 79:21 1:2 1:2
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Figure 1.31. XPS survey spectra of as-synthesized WS,-OAm, LixWSy, and selected Ni-LixWSy
samples.

63



W af e s2p s>

11% Ni-LiWs, 11% Ni-Li WS,

14% Ni-Li,WS,

14% Ni-Li,WS,

47% Ni-LiWS, 47% Ni-LiWs,

40 38 36 34 32 30 166 165 164 163 162 161 160 159
Binding Energy (eV) Binding Energy (eV)

O1s

11% Ni-Li WS,

$%

11% Ni-LiWS,

14% Ni-LiWSs,

14% Ni-Li,WS,

47% Ni-LiWs,

47% Ni-Li WS,

230 228 226 224 222 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV)

Ni 2p

11% Ni-LiWS,

Ni6+

satellite

868 8€li4 8('50 8%6 85;2
Binding Energy (eV)

Figure 1.32. High-resolution XPS data of the W 4f, S 2p, S 2s, O 1s, and Ni 2p regions. The Ni 2p
region for the 14% and 47% Ni-LixWSy samples are provided in the main text.
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Table 1.11. Summary of elemental analysis obtained via EDS for NiFe LDH samples.

Table 1.12. Summary of elemental analysis obtained via EDS after 75 CV scans under OER

Ratio Ni at.% Fe at.%
Ni : Fe

1:1 47 53

4:1 79 21

9:1 90 10

conditions for all Ni-LixWSy samples.

Sample W at% S at% Ni at% W:Ni (%) W+Ni : S
9% Ni 22 76 2.0 92:8 1:3
11% Ni 25 71 4.0 86:14 1:2
14% Ni 22 76 2.0 92:8 1:3
21% Ni 22 74 4.0 85:15 1:3
36% Ni 28 67 5.0 85:15 1:2
42% Ni 24 70 6.0 80:20 1:2
47% Ni 21 70 9.0 70:30 1:2
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Figure 1.33. EDS spectra after 75 CV scans under OER conditions for all Ni-LixWSy samples.
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Table 1.13. Ni K edge EXAFS best fit parameters after 75 CV scans under OER conditions for
47% and 36% Ni-LixWSy. The 14% Ni-LixWSy sample had insufficient data quality to perform

EXAFS fitting.
XANES | XANES
Sample | Energy | Energy Scattering | CN | R(A) | A6%(A)? | Eo Res. %
(KeV) | (KeV) pre-| Pair (eV)
edge
Ni Foil 8.3328 | --- Ni-Ni 12 2.492 | 0.000 -— | -
Ni(OH)2 | 8.3469 | 8.332 Ni-O 6.3 2.069 | 0.001 0.63
Ni-Ni 6.3 3.114 | 0.001 -0.99 |
Ni-O 5.2 2.109 | 0.001 2.20
47%Ni | 8.3461 | 8.332 Ni-S 0.67 |[2213 |0.001 -0.78 | 6.62%
Ni-Ni 4.9 3.109 | 0.003 1.35
Ni-O 51 2.106 | 0.001 1.92
36% Ni | 8.3462 | 8.333 Ni-S 083 2221 10.001 -6.38 | 6.73%
Ni-Ni 4.6 3.104 | 0.003 1.26
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Figure 1.34. (a) EXAFS fits (dotted) overlaid with experimental data (solid) for the first and second
coordination sphere (0.6-3.2 A) in R-space for 47% and 36% Ni-LixWSy samples after 75 CV
scans under OER conditions. (b) XANES region for the 47% Ni-LixWSy after 75 CV scans under
OER conditions. The XANES region for the 36% Ni-LixWSy sample is provided in the main text.

Table 1.14. Summary of elemental analysis via XPS for the 14% and 47% Ni-LixWSy samples
after 75 CV scans under OER conditions.

Sample |Wat% |Sat% Niat.% | W:Ni (%) | Ratio Ratio
W:S W+Ni : S

14% Ni |29 69 2.0 94:6 1:2 1:2

47% Ni 25 65 10 71:29 1:2 1:2
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Figure 1.35. XPS survey spectra of 11%, 14% and 47% Ni-LixWSy after 75 CV scans under OER
conditions.

69



W 4f w#

O,

LY

Wi
11% Ni-Li WS, /

14% Ni-Li, WS,

47% Ni-LIWS

y
| N

10 38 36 34 32 30
Binding Energy (eV)

T T T T T T T

S2s

11% Ni-Li WS,

14% Ni-LiWS,

47% Ni-Li WS,
/

S0

2:;4 2:;2 2(;0 22lB 22IS 254 252
Binding Energy (eV)

Ni 2p

Ni2*

11% Ni-Liws, ~Satellte

-~

14% Ni-Li WS,

47% Ni-Li WS,

868 864 860 856 852
Binding Energy (eV)

S 2p

1% Ni-LiWS, oo
4

14% Ni-LiWSy

47% Ni-Li WS,

S

172 170 168 166 164 162 160 158
Binding Energy (eV)

D 11% Ni-Li Vs,

O-M

14% Ni-LiWs,

47% Ni-Li WS,

536 5."54 5;32 5:;0 52l8
Binding Energy (eV)

Figure 1.36. High resolution XPS spectra of the W 4f, S 2p, S 2s, O 1s and Ni 2p regions after 75
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Table 1.15. Electrochemical reproducibility studies on representative Ni-LixWSy samples showing
reproducible Ni(ll/111) redox behavior and Ni RF. Averages and standard deviations are obtained
from three separate electrochemical experiments for each sample.

Sample Ni Red. E AvQ. ENired Ni Red. Area Ni RF Avg. Ni
2
(Vvs.RHE) | (Vvs. RHE) (HC/em?) RF
1.44 133 0.54
11% Ni 1.44 122 0.50 0.56 +0.06
1.44 +0.003
1.43 157 0.64
1.44 183 0.74
14% Ni 1.45 187 0.76 0.77 £0.03
1.45+0.001
1.44 200 0.81
1.43 1140 4.65
47% Ni 1.43 1130 4.57 4.85+0.3
1.43 +0.003
1.43 1310 5.34
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Figure 1.37. Electrochemical reproducibility studies on three representative Ni-LixWSy samples.
(a) Geometric OER current density at 1.63 V and (b) Ni-normalized OER current density at 1.63
V. Averages and standard deviations are obtained from three separate electrochemical experiments
for each sample.
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CHAPTER 2. CONTROLLING CO-S COORDINATION
ENVIRONMENT IN CO-DOPED WS; NANOSHEETS FOR
ELECTROCHEMICAL OXYGEN REDUCTION

Reproduced with permission from:

Meza, E.T; Hong, W. T; Li, C. W. “Controlling Co-S Coordination Environment in Co-doped WS;
Nanosheets for Electrochemical Oxygen Reduction” Submitted, 2021. TAuthors contributed
equally.

2.1 Abstract

Cobalt sulfide nanomaterials are among the most active and stable catalysts for the
electrocatalytic oxygen reduction in pH 7 electrolyte. However, due to the complexity and
dynamism of the catalytic surfaces in cobalt sulfide bulk materials, it is challenging to identify and
tune the active site structure in order to achieve lower overpotential oxygen reduction reactivity.
In this work, we synthesize Co single atoms supported on colloidal WS nanosheets and develop
a synthetic strategy to rationally control the first-shell coordination environment surrounding the
adsorbed Co single atoms. By studying Co-WS;, materials with a range of Co-S coordination
numbers, we are able to identify the optimal active site for pH 7 oxygen reduction catalysis, which
comprises cobalt atoms bound to the WS> support with Co-S coordination number of 3-4. The
optimized Co-WS, material exhibits oxygen reduction onset potential of 0.798 V vs. RHE,

comparable to the most active bulk phases of cobalt sulfide in neutral electrolyte conditions.

2.2 Introduction

First-row transition metal sulfides have emerged as alternatives to Pt-based catalysts in the
oxygen reduction reaction (ORR) under a wide range of pH conditions due to their high activity,
stability, and low cost.!” Literature studies have focused primarily on tuning the structure of nickel
and cobalt sulfides to understand the role that metal sulfide phase and composition play in dictating
ORR reactivity.8* The CoqSs phase, in particular, has been identified as uniquely active amongst
the first-row transition metal sulfides for alkaline and neutral ORR and has been studied in a wide
range of composite nanostructures.®®>?? Computational studies have postulated that M-S
coordination environment at the catalytic surface influences oxygen adsorbate binding energies

and thus ORR catalytic turnover.?®?* However, when experimentally altering the crystal structure
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or composition of a bulk metal sulfide phase, it is challenging to isolate the role that coordination
environment plays amidst the multiple geometries and oxidation states that exist within any given
phase as well as the dynamic nature of the surface under electrocatalytic conditions.?*2°
Supported single atom catalysts (SACs) are intriguing model systems for catalytic surface
sites on bulk materials because their active site structure can be studied at the atomic level.?6-28
Previous work on single metal atoms supported on metal oxide and heteroatom-doped carbon
materials has shown the importance of local coordination environment and metal-support
interaction in influencing catalyst selectivity and reactivity.?>-*® Particular effort has been invested
in active site characterization for metal single atoms supported on N-doped carbon.®**® Recent
work on Co SACs have postulated that the number and chemical nature of coordinated nitrogen
atoms in the first shell may have an impact on catalytic activity in the alkaline oxygen reduction
reaction.®>*% While different single atom coordination environments have been observed in these
examples, it remains challenging to synthetically control the coordination environment
surrounding a single atom catalyst. Single atoms supported on MoS; have also been studied
extensively, primarily for use as electrocatalysts in the hydrogen evolution reaction (HER).*
However, doped first-row transition metal single atoms are not themselves catalytically active sites
for HER but rather serve to tune the electronic and catalytic properties of the MoS; surface.*>** In
this work, we put forward a synthetic strategy to generate cobalt single atoms supported on WS;
nanosheets, in which the Co-S coordination environment can be explicitly tuned through
controlled introduction of excess sulfur. These Co-WS, nanosheets provide the basis for a
systematic study on how the local coordination environment of surface cobalt sulfide active sites

influence oxygen reduction reactivity in neutral electrolyte.

2.3 Results and Discussion

L
WS L
2 . L—Co“— Co%*
nanosheets 1. n-BulLi L’é 1. x KZS S/ is "g
N 2.CoCl, i, 2300°C L3 |
Co-WS,As-Syn Co-WS, xK,S

Figure 2.1. Synthetic strategy for the deposition of Co single atoms onto colloidal WS> nanosheets
followed by controlled sulfidation and annealing steps.

79



2.3.1 Synthesis

The synthetic strategy to generate Co single atoms with tunable Co-S coordination
environment, depicted in Figure 2.1, is based on previous work from our group on the synthesis of
single atom Ni-doped WS, nanosheets.*® Colloidal WS, nanosheets were synthesized via a
literature method and activated using n-butyllithium (n-BuL.i) to generate dangling sulfide defects
on the basal planes of WS, (Li-WS,).%¢ A dilute solution of CoCl. (0.3 equiv. wrt W) was then
introduced to the colloidal Li-WS; nanosheets under an inert atmosphere and permitted to
passively adsorb over 24 hours. Any excess CoCl, remaining in solution was readily removed
through precipitation and centrifugation of the Co-doped WS, nanosheets (Colloidal Co-WSy).
The loading of Co was intentionally kept at <0.3 equiv. in order to avoid clustering and aggregation
of doped Co atoms.

In our previous work, we showed that Ni dopants adsorbed relatively weakly and in a
monodentate fashion to the WS surface during the colloidal synthesis. In order to tune the Co-S
coordination and more strongly anchor the Co dopants to the WS> surface, we develop a method
herein for controlled sulfidation of the adsorbed Co atoms. The colloidal Co-WS> nanosheets are
supported on carbon black (Co-WS2 As-Syn) and impregnated with a variable amount of
potassium sulfide, ranging from 0.5 to 10 equivalents with respect to the adsorbed Co atoms. The
impregnated samples are then annealed at 300 °C under an inert atmosphere and rinsed repeatedly
with solvent to remove unreacted sulfides (Co-WS; xKS). The resulting nanosheets show
structural and catalytic properties that are highly dependent on the amount of sulfur incorporated

during the anchoring step.

2.3.2 Scanning Transmission Electron Microscopy

We utilize high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) coupled to energy-dispersive X-ray spectroscopy (EDS) to characterize the
morphology and elemental distribution of Co and W on the Co-WS; nanosheets. Colloidal WS;
comprises circular nanosheets with ~100 nm diameter and 10-14 layers in thickness (Figure
2.2a).*® After n-BuLi activation and Co adsorption, the nanosheet morphology is retained, and Co

atoms are evenly distributed across the surface based on the lo-resolution HAADF-STEM image
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and EDS maps (Figure 2.2b-c, 2.3a). Based on EDS, the majority of the Co introduced in solution
(0.3 equiv.) is incorporated into the WS, nanosheets (Co:W = 0.20:1) (Table 2.1).

Figure 2.2. Low resolution TEM images for (a) colloidal WS2-OAm nanosheets, (b) colloidal Li-
WS and (c) colloidal Co-WS,.

a) Colloidal Co-WS,

Co:W =0.20:1

Monolayer

1 nm
f g

Figure 2.3. STEM imaging of colloidal Co-WS; samples. (a) Low-resolution STEM-EDS image
and elemental maps of W and Co, (b) HR-STEM image, (c) HR-STEM region containing S-Top
Co sites, (d) HR-STEM region containing W-Top sites, (e) schematic depicting side and top views
for both S-Top and W-Top binding of Co atoms.
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Table 2.1. Summary of elemental analysis obtained using EDS for Li-WS; and Co-WS;
nanosheets. The tungsten M edge, sulfur K edge, and cobalt K edge were used for quantification.

Sample xK2S W at.% Sat.% Coat.% Co:W (X:1)
(Eq. wrt Co)

Colloidal Li-WS; - 31 69

Colloidal Co-WS> -- 22 +0.47 74 £0.61 4+0.49 0.20 £ 0.02
Co-WS; As-Syn --

(Supported on C) 22 +0.56 74 +£0.75 4+0.25 0.20+£0.01
0 22 +£0.60 74 £0.71 4 +0.61 0.21+£0.03
0.5 23+0.63 70+£1.0 7+0.45 0.29£0.01
1.0 21 +0.96 73+1.7 6+1.1 0.29 £ 0.04
Co-WS; xKzS 3.0 21+1.38 75+19 4+0.33 0.21+£0.02
6.0 24+ 1.4 71+£22 5+0.80 0.22 £0.02
10.0 18+1.2 78+1.4 4+13 0.21 £0.02

High-resolution HAADF-STEM imaging allows us to confirm the presence of Co single
atoms on the surface of the WS, nanosheets. Due to the n-BuL.i treatment, the underlying WS>
nanosheets exhibit variable thickness, ranging from monolayer to multilayer, and regions where
W vacancies and structural disorder are present (Figure 2.3b, 2.4a). In the monolayer regions, the
ordered hexagonal lattice of W atoms for the WS> nanosheet are clearly visible, and deviations to
the hexagonal array in terms of both atomic position and contrast provide evidence for the presence
of Co single atoms (Figure 2.3c-d, 2.4b-e). Atoms interstitial to the hexagonal W array, circled in
Figure 2.3c, represent Co atoms bound on-top of a S atom or in a S vacancy (S-Top, Figure 2.3e).
In addition, analysis of annular-dark field Z-contrast shows that Co atoms are also present on-top
of W atoms in the hexagonal lattice, circled in Figure 2.3d and Figure 2.4d-e, which are likely

coordinated in a bidentate or tridentate fashion to S atoms (W-Top, Figure 2.3e).
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Figure 2.4. (a) High-resolution STEM images for the colloidal Co-WS; sample. Additional STEM
images containing (b-c) S-Top Co sites and (d-e) W-Top Co sites. (f, g) STEM image and EDS
spectra from boxed areas spectroscopically confirm the presence of Co.

In addition to ADF Z-contrast analysis, we also obtained EDS spectra in small regions
throughout the high-resolution STEM image to ascertain that Co atoms can be spectroscopically
detected. While the EDS intensity is quite weak when focused on 3 x 3 nm square regions of the
monolayer Co-WS; nanosheets, we can clearly distinguish peaks associated with the W M, S Ka,
and Co Ka transitions (Figure 2.4f-g). In addition, when the EDS spectra is obtained over a larger
slightly larger region, the atomic ratio of Co:W is ~0.3:1, similar to the elemental ratios obtained

in the lower resolution EDS data in Table 2.1.
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W:Co =0.20:1

W:Co = 0.21:1

Figure 2.5. STEM-EDS image and elemental maps of W and Co for (a) as-synthesized Co-WS>
and (b) Co-WS; after annealing with 3 equiv. K>S.

Figure 2.6. TEM images of Co-WS; samples annealed in the presence of varying amounts of
impregnated K3S.

Prior to sulfur addition, colloidal Co-WS; sample is supported on carbon black, which
causes the circular nanosheets to fold onto themselves rather than lie flat on the hydrophobic

carbon surface (Figure 2.5a). The Co loading and distribution remain unchanged (Table 2.1).
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Impregnation of K>S and annealing at 300 °C under N2 does not alter the morphology or the
average loading of Co relative to W (Table 2.1, Figure 2.5b, 2.6, 2.7). STEM-EDS elemental maps
of K,S-treated Co-WS; show that W and Co atoms remain colocalized in the sample, and Co
species are evenly distributed across the WS, nanosheets. No evidence of CoSx nanoparticle
formation is observed. Powder X-ray diffraction (XRD) reveals a WS; phase transition from 1T to

2H after annealing and no Co-containing crystalline phases (Figure 2.8, 2.9).448

HAADF ¢

Co:W=0.18:1

Figure 2.7. HAADF-STEM images and EDS elemental maps of W and Co for selected Co-WS;
XKS samples.
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Figure 2.8. Powder X-ray diffraction patterns for WS samples at various stages of the synthetic
process. Reference peak positions for the 1T WS> (dotted grey) and 2H WS, (dotted black)
provided based on the literature.
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L
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Figure 2.9. Powder X-ray diffraction patterns for annealed Li-WS;, Co-WS; annealed with 0 eq.
and 10 eq. K>S. No peaks corresponding to crystalline cobalt sulfide phases are observed.

2.3.3 X-ray Absorption Spectroscopy

Using Co K-edge X-ray absorption spectroscopy (XAS), we are able to characterize both
the electronic state and coordination environment of the adsorbed Co atoms in the as-synthesized
and KaS-treated Co-WS, samples. These spectra were compared to the precursor molecular
complex, Co(NMF)xCly, as well as a control sample of amorphous cobalt sulfide (CoSx) with an
approximate composition of CoSs 2 (Figure 2.10, 2.11).%2* Fitting of the Fourier-transformed X-
ray absorption fine structure (EXAFS) data was carried out on a subset of samples that showed
sufficient Co K-edge absorption, and coordination numbers (CN) and bond distances (R) for both
Co-0 and Co-S scattering were obtained. Full fitted parameters and fitted data are provided in
Table 2.2.
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a) Co(OH), d) EDS spectrum

Intensity (a.u.)

6 8
Energy (eV)

10

Figure 2.10. TEM images for Co control samples: (a) Co(OH)2 nanosheets (150-300 nm); (b) CoS>
nanoparticles (100-220 nm); (c) amorphous CoSx nanoparticles (5-50 nm); (d) EDS spectrum for

CoSxshowing a Co:S ratio of 1:1.2.

CoS2
CoS, JCPDS No. 41-1471

1 1 1

Amorphous CoS_

1 1 1

60 70

20 30 40 50

Figure 2.11. Powder X-ray diffraction patterns for control samples CoS: (red), Co(OH). (blue),
and amorphous CoSx (green).
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Table 2.2. Summary of EXAFS best fit parameters at the Co K-edge on Co-WS; samples and Co reference samples.

Sample

Co Fail

Co(OH):

Co(NMF)Cl2

Co-WS,0.5K,S

Co-WS; 3Kz2S

1.1Co-WS; 3K>2S

Post-PBS

XANES
Energy (eV)

7709

7722

7721

7718

7718

7717

Scattering
Pair

Co—Co
Co-O
Co-O-—Co
Co-O
Co-O
Co-S
Co-O

Co-S

Co-S

CN

12.0 + 0.057

6.4 +0.42

5.9+0.57

6.0 +0.46

3.8+0.15

25+0.11

1.7+0.36

3.9+0.27

4.6 +0.27

R (A)

2.50 + 0.003
2.10 + 0.006
3.17 +0.007
2.08 + 0.007
2.10 + 0.004
2.25+0.004
2.10 £ 0.022

2.25 + 0.006

2.25 + 0.005

Eo (eV)

8.7 +0.437

—2.7+0.50

-2.3+0.86

7.4+0.28

3.3+0.59

-4.9 +0.60

62 (A?

0.007 +0.0003

0.004 +0.001

0.004 +0.001

0.004 + 0.0004

0.004 + 0.001

0.004 +0.001
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Figure 2.12. Co K-edge XANES and EXAFS spectra for (a, f) Co(NMF)Cly, (b, g) As-synthesized
Co-WSy, (c, h) Co-WS; annealed with 0.5 equiv. of KzS, (d, i) Co-WS; annealed with 3.0 equiv.
of KzS, (e, j) amorphous CoSx. Dotted lines indicate the edge energies or scattering peaks for Co-
O and Co-S coordination.

The X-ray absorption near edge spectroscopy (XANES) data for the precursor
Co(NMF)xCl> complex exhibits Co K-edge energy of 7721 eV and high white line intensity,
consistent with a Co?* ion primarily coordinated to oxygen atoms, as anticipated for a CoCl;
precursor dissolved in the coordinating solvent N-methylformamide (NMF) (Figure 2.12a).*°
Likewise, the EXAFS shows a scattering peak at a short radial distance due to pure Co-O
coordination (Figure 2.12f). Fitting of the EXAFS data shows a Co—O bond length of 2.08 A with
CN ~6, consistent with an octahedral molecular complex (Table 2.2). On the opposite end of the
spectrum, amorphous CoSx exhibits a completely suppressed XANES white line and a
significantly lower Co K-edge energy of 7714 eV with a strong pre-edge feature at 7710 eV,
indicative of mixed tetrahedral and octahedral coordination (Figure 2.12¢).>° Compared to Co—-O
coordination, Co-S coordination generates a scattering pathway at higher radial distance due to the

longer average bond length, which range from 2.18 to 2.45 A in known bulk phases of cobalt
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sulfide (Figure 2.12j, Table 2.3). The XANES and EXAFS of these two control samples serve as
bookends for the Co-WS; samples treated with varying amounts of sulfur because we expect the
first-shell coordination environment to transform from oxygen-rich to sulfur-rich with increasing

K>S loading.

Table 2.3. Summary of theoretical bond lengths and coordination numbers for CoO and CoSx
phases based on known crystal structures. The .cif files used to generate these parameters were
obtained from the database 1CSD.%%¢

Sample Scattering Pair CN R (A)
CoO Co-Co 6 2.13
CoCl; Co-ClI 6 2.45
CoS Co-S 6 2.34
CoS2 Co-S 6 2.32
Co-S (Tq) 4 2.18

Co3S4
Co-S (On) 6 2.27
Co-S (Tq) 4 2.21

Co09Ss
Co-S (On) 6 2.39

In the as-synthesized Co-WS; sample, we observe small perturbations to the adsorbed Co
coordination environment relative to the free Co(NMF)xCl> complex. A drop in white line intensity
in the XANES and a small shift to longer radial distance for the first Co—X (X = O or S) scattering
pathway relative to the free complex are both indicative of an increase in the number of sulfur
atoms relative to oxygen atoms in the first coordination sphere (Figure 2.12b, g). However, the
persistence of the peak in the white line intensity indicates that Co atoms remain primarily oxygen-
bound in this form when passively-adsorbed to the Li-WS; nanosheet in the solution phase. These
data are consistent with the observation of Co atoms bound in S-Top sites and W-Top sites adjacent
to vacancies in the high-resolution STEM images. We postulate that the complex likely binds in a
mono- or bidentate fashion to dangling sulfur sites on the lithiated WS, surface, and the remaining

coordination sites remain occupied by NMF ligands.
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Upon K>S impregnation and annealing, the XAS data shows a significant increase in the
Co-S coordination to the WS, surface. Treatment with 0.5 equiv. or 3 equiv. of K>S completely
suppresses the sharp white line feature diagnostic of Co?>*—O binding and shifts the Co K-edge
energy downwards by 3 eV, approaching the edge energy of the CoSx control sample (Figure 2.12c-
d). The EXAFS scattering peak also shifts to longer radial distance, and the sample treated with 3
equiv. KoS essentially matches the peak position of CoSx (Figure 2.12h-j). Fitting of the EXAFS
data indicates that the Co—S CN increases steadily from 2.5 at 0.5 equiv. K>S up to 3.9 at 3 equiv.
K>S while the Co-O CN drops correspondingly (Table 2.2). In all of these samples, no scattering
density is observed beyond 3.0 A, indicating that Co atoms remain relatively isolated on the WS
surface even after thermal annealing (Figure 2.13). Together, these data show that Co atomic
coordination to the WS, surface can be readily controlled in the doped Co-WS; system simply by
varying the amount of impregnated K>S, providing an ideal model system to understand the role

of Co—S coordination environment in catalysis.

2.3.4 Oxygen Reduction Reaction

Literature studies have shown that first-row transition metal sulfides are uniquely suitable
catalysts for the ORR in neutral media due to their greater resistance to electrolyte poisoning and
dissolution compared to noble metals and base metal oxides, respectively.>-® Recent DFT studies
have revealed that the ORR activity of nickel sulfide catalysts of varying phase and composition
is closely tied to the Ni—S coordination number at the surface of the bulk phase.?* We hypothesized
that our Co-doped WS, samples, with systematically variable Co—S coordination number, would
be an ideal materials platform to probe the role that metal-sulfur coordination environment plays
in pH 7 ORR reactivity.
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Figure 2.13. Co K-edge EXAFS fits (dotted) overlaid with experimental data (solid) in R-space
for the k-weighted Fourier transform data including both the FT-magnitude and real portion. (a)
bulk Co(OH)., (b) Co(NMF),CIl. molecular complex, (c) cobalt foil, (d) 1.0Co-WS. + 3 eq. K.S
treated with PBS, (e) Co-WS, annealed with 0.5 eq. K.S, and (f) Co-WS.; annealed with 3 eq. K.S.
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Figure 2.14. ORR LSV data showing the disk current density (left) and ring current and peroxide
selectivity (right) for the Co-WS; 3K:S catalyst.
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Table 2.4. Summary of ORR onset potentials (Eonset) for Co-WS; samples treated with varying
equivalents of K>S as well as control samples.

2E onset (V) @ Onset (V) @
xK2S 2 -2
Sample (Eq. wrt Co) -0.1 mAcm -0.I1 mAcm
15t scan 5t scan
] 0 0.575+0.011 0.571
LI-WS: 3.0 0.639 £ 0.005 0.634
14.0 0.631 0.596
0 0.614 +£0.011 0.581
0.5 0.668 + 0.003 0.634
Co-WS + 1.0 0.698 + 0.006 0.663
xKoS 3.0 0.798 + 0.003 0.794
6.0 0.770 £ 0.003 0.752
10.0 0.731 £ 0.004 0.709
Co(OH)2/C 0 0.516
0.4 0.615 ---
0.8 0.554 ---
CoS«/C n/a 0.767
CoSx + WS,
(physical mixture) n/a 0-574
CoClz + WS,
n/a 0.414

(physical mixture)

8Average values and standard deviations obtained from three independent runs.

The ORR catalytic activity of all samples was measured using linear scan voltammetry
(LSV) on a rotating ring-disk electrode in O»-saturated 1 M phosphate buffer solution (PBS, pH =
7). Negligible ring current is detected using any of the Co-WS; catalysts, which indicates
quantitative selectivity toward the 4 e” reduction of Oz to H20 under these conditions (Figure 2.14).
In order to compare the reactivity of various Co-WS; and bulk control samples to one another, we
utilize the ORR onset potential (Eonset), the potential at which the catalyst attains —0.1 mA/cm? of
ORR current density, as the primary catalytic metric due to differences in sample mass-transport

properties at higher current densities.
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Figure 2.16. Oxygen reduction reaction activity in O»-saturated 1 M PBS (pH = 7) electrolyte. (a)
ORR LSVs for the full series of Co-WS; samples treated with K2S, (b) Co-WS: Eonset VS.
equivalents of K2S, (¢) Eonset for annealed Li-WS, bulk Co phases, and Co-WS: at varying degrees
of sulfidation.

The annealed Li-WS; nanosheets alone show poor ORR activity with an onset potential
(Eonset) of 0.575 V vs. RHE (Figure 2.15, Table 2.4). The addition of Co to the WS sample in the
absence of K>S (0 K>S) induces a modest increase in ORR onset potential to 0.614 V vs RHE
(Figure 2.16a-b, 2.17, Table 2.4). Introduction of varying equivalents of K>S to the Co-WS, sample
has a dramatic effect on ORR catalysis. Upon mild sulfidation at 0.5 equiv. K>S, the onset potential
for ORR immediately increases by 54 mV to 0.668 V vs. RHE. From 0.5 to 3.0 equiv. of K>S
relative to Co, a steady increase in ORR onset potential is observed with the highest Eonset 0f 0.798
V vs. RHE occurring at 3.0 equiv. KS. Further increase in K>S loading causes a decay in the ORR
activity, dropping back down to 0.731 V vs. RHE at 10 equiv. K2S. A modest improvement in
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catalytic activity is also observed when Li-WS; alone is annealed in the presence of excess sulfur
(Figure 2.15, Table 2.4). However, the onset potential of Li-WS; peaks at 0.639 V vs. RHE in the

absence of doped Co atoms.
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Figure 2.17. Oxygen reduction reaction activity in O»-saturated 1 M PBS (pH = 7) electrolyte. (a)
ORR LSVs for the full series of Co-WS, samples treated with K2S, (b) Co-WS: Eonset VS.
equivalents of K2S, (¢) Eonset for annealed Li-WS, bulk Co phases, and Co-WS: at varying degrees
of sulfidation.

As a comparison to our doped materials, we also obtained ORR catalytic data on three Co-

containing phases with very different bulk composition and local Co coordination environment:
Co(OH)2, amorphous CoSx (~CoS1.2), and CoSz (Figure 2.10, 2.11). The Co(OH)2 nanosheets with
pure Co-O coordination show the poorest ORR onset potential of 0.514 V vs. RHE (Figure 2.16c,

2.17, Table 2.4). Even the Co-WS; sample treated with 0 equiv. K>S is substantially more active
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due to the interaction with and contribution of the underlying WS, nanosheets. The amorphous
CoSx sample with an intermediate S:Co ratio of ~1:1 shows the highest Eonset among the bulk
phases at 0.767 V vs. RHE, nearly matching the onset potential of the optimal Co-WS; 3K>S
catalyst. The most sulfur-rich sample, comprising CoS> nanoparticles, exhibits lower ORR activity
with an onset potential of 0.661 V vs. RHE, which mirrors the drop in activity of Co-WS; when it
becomes over-coordinated to sulfur. The similar trends in onset potential as a function of cobalt
sulfidation between Co-WS; and bulk Co-containing phases provides an initial indication that the
local coordination environment identified for isolated Co atoms supported on WS, may also apply

to the active sites formed in-situ on the surface of bulk cobalt sulfide species during ORR catalysis.

—CoS/C —CoS/WS, — CoS,/C — Co(OH),/C — Oeq. K S —— 05eq. K, —1eq.K,S
— CoCL,/WS, Annealed Co-WS, + 3K,S ——3eq. K, ——6eq.K;S 10eq. K,S
Li-ws,
a) — b)
0.0 001 co-ws,
_ 05 _ 051
5 E
3 3
= -1.04 = -1.04
| o™
154 1 asf
01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09

E (V vs RHE) E (V vs RHE)

Figure 2.18. (a) 1*' scan ORR LSV data for Co-WS; 3KS and control samples including: CoS,/C,
CoS2/C, Co(OH)2/C, physical mixtures of WS, + CoSx or CoCly, and annealed Li-WS,. (b) Full
1%t scan ORR LSV data for all Co-WS; xK2S samples.

We can correlate the initial ORR activity on the single-atom Co-WS; samples back to the
pre-catalysis XAS structural characterization presented above because, unlike in bulk or
nanoparticle cobalt sulfide materials, all Co atoms in Co-WS; are available on the surface for
catalysis. We find that Co-WS2 treated with 3 equiv. KzS, exhibiting three- to four-fold
coordination of Co to sulfur atoms on the WS; surface, provides an optimal electronic and
geometric environment for pH 7 ORR catalysis. We hypothesize that the activation of adsorbed

Co atoms with K>S up to 3.0 equiv. stems from the necessity for a more electron-rich metal center,
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enabled by Co-S coordination, in order to reductively activate O.. Further increasing KsS,
however, likely causes over-coordination with sulfur and therefore loss of available coordination

sites for O binding and activation.

a} b) T T T T
0- 0.0
Co-WS, +3K,S

-0.5

—~ -1 ~ -1.01
£ =
o

< 2 15
E E
= 24 —

—— 1stscan 1st scan
5% scan -2.5+ 5% scan 4
—— 20% scan —— 20" scan
37 ——200"scan | -3.0- —— 200" scan |
0.0 0.2 04 0.6 0.8 00 0.2 04 0.6 08
E (V vs RHE) E (V vs RHE)

Figure 2.19. ORR stability test for (a) Co-WS; 3K>S and (b) amorphous CoSx.

We also perform extended CV scanning on the Co-WS; 3 K>S sample and CoSx control to
better understand the structural evolution of cobalt sulfide sites during pH 7 ORR catalysis. In both
cases, a small drop in onset potential is observed after 20 CV scans, and a much larger deactivation
of both onset potential and mass-transport limited current density occurs after 200 CV scans
(Figure 2.19). As a result, we characterized the Co-WS> samples after 1 hour immersion in
phosphate buffer solution, catalytically equivalent to the post-catalysis material after 5-20 CV
scans, to understand how the adsorbed Co sites evolve in aqueous electrolyte (Figure 2.20, Table
2.5). Elemental analysis after electrolyte treatment shows that Co loading and spatial distribution
remain unchanged relative to the pre-catalysis samples (Figure 2.21a, 2.22, Table 2.6). Co K-edge
XANES data on the Co-WS; 3K>S Post sample shows a similar edge energy but a slight increase
in white line intensity relative to the pre-catalysis material (Figure 2.21b). The EXAFS spectrum
also shows a small shift in the first-shell scattering peak to lower radial distance (Figure 2.21c).
These data indicate that the Co-S bonds that anchor the dopants to the WS, surface hydrolyze
slightly in the presence of aqueous electrolyte, likely causing the decay in catalytic activity.

However, Co surface sites remain isolated on the WS, surface after the electrolyte treatment, as
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evidenced by the continued absence of a second coordination sphere Co—S—Co scattering feature
(Figure 2.21c).

Table 2.5. Summary of ORR onset potentials (Eonset) for Co-WSz + xKzS samples treated in 1 M

phosphate buffer solution (PBS). These onset potentials closely match those observed for the 5™
LSV scan under ORR conditions.

Onset (V) @
Sample xK2S -0.1 mA cm2
(Eq. wrt Co) 15t Scan 1hr PBS
0 0.555
Co-WS; + xKzS + 1.0 0.665
10.0 0.630

PBS
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scan LSV data for untreated samples.
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Figure 2.21. Characterization of Co-WS after treatment with PBS electrolyte. (a) STEM images
and elemental maps of W and Co, (b) XANES, and (c) EXAFS spectra. XAS data on Co-WS;
prior to catalysis (Pre) and a high concentration Co-WS; (1Co-WS; PBS) are provided for
comparison.

As a final comparison, we synthesized a Co-WS; sample with much higher Co loading
(Co:W =1.1:1) to intentionally generate CoSx clusters supported on WS; (Figure 2.23, Table 2.7).
This high loading Co-WS2 sample (1Co-WSz) was similarly treated with 3.0 equiv. of KzS,
annealed at 300 °C, and soaked in PBS for 1 hour. Both the Co K-edge XANES and EXAFS
spectra in the first coordination sphere are quite similar to the isolated Co atoms in the lower
loading Co-WS; sample (Figure 2.21b-c). The primary difference between the high and low-
loading Co-WS: is in the presence of a second coordination sphere Co—S—Co scattering feature in
the EXAFS due CoSx cluster formation at the high Co loading. Intriguingly, the 1.1Co-WS; sample
shows almost identical onset potential for ORR to the lower loading, suggesting that sulfur binding
to Co in the first coordination sphere is primarily responsible for determining oxygen reduction

activity (Figure 2.24).
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Table 2.6. Summary of elemental analysis obtained using XRF and EDS for Co-WS; + xK»S
samples after PBS treatment. The tungsten M-edge and cobalt K-edge were used for both XRF
and EDS quantification.

Sample xK2S XRF EDS
(Eq. wrt Co) Co:W (X:1) Co:W (X:1)
Co As-Syn n/a 0.33 0.20 £ 0.02
0 0.29 0.12 +0.03
0.5 0.29 0.14 £0.01
Co-WS; + xKoS + PBS 1 0.31 0.14 £ 0.02
3 0.28 0.07+0.01
6 0.17 0.08 £0.03
10 0.21 0.12+0.01

103



0 KzS PBS

Figure 2.22. EDS mapping images of Co-WS; + xK.S samples after PBS treatment.
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Figure 2.23. (a) STEM images and EDS elemental maps of (a) as-synthesized 1.1Co-WS, (b)
1.1Co-WS; after annealing with 3 eq. K»S, (b) 1.1Co-WS; 3K>S after PBS treatment. Circled area
shows a Co aggregate that is not co-localized with the underlying W.
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Table 2.7. Elemental analysis obtained using EDS for the high loading 1.1Co-WS; samples. The
tungsten M, sulfur K, and cobalt K peaks were used for quantification. EDS spectra were taken in
three distinct locations for each sample.

Average
Sample W at.% S at.% Coat.% CoW (X:1)
18 62 20
1.1Co-WS; As-Syn 17 65 18 1.1+0.01
17 65 18
9 80 11
1.1Co-WS, 3K»S* 13 70 17 1.2+0.19
13 74 13
21 76 3
1.1C0o-WSz 3K,5* 12 77 11 2331
Post-PBS
4 72 24

*Significant heterogeneity in Co:W atomic ratio is observed in different locations on this sample.
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Figure 2.24. (a) ORR 1% scan LSV data for 1.1Co-WS; 3K3S. (b) Eonset for low-loading Co-WS;
compared to high-loading 1.1Co-WS; and bulk CoSx. (c) ORR stability test for 1.1Co-WS> 3K5S.

2.4 Conclusions

In conclusion, we find that Co atoms supported on WS, show high activity for the pH 7
ORR reaction when partially coordinated to sulfur ligands. Both undercoordination and
overcoordination to sulfur prove detrimental to catalysis. The optimal Co active site comprises
approximate 3-4-fold coordination to the sulfur atoms on the surface of WS, and two labile
coordination sites occupied by oxygen-based solvent ligands. These dilute Co-WS catalysts show
similar catalytic activity to the most active bulk phases of cobalt sulfide with an onset potential for
ORR 0of 0.798 V vs. RHE in phosphate buffer electrolyte. Unlike bulk CoSx systems, however, the
majority of Co atoms in dilute Co-WS; are available for catalysis, and the Co coordination
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environment obtained by XAS is representative of catalytically active sites. As a result, we
postulate that the optimal coordination environment ascertained herein may be representative of
the dynamic surface sites present in situ on the surfaces of bulk cobalt sulfide systems. The activity
of single atom Co-WS; clearly illustrates that the electronic and geometric environment created
by Co-S bonds in the first coordination sphere provides a key descriptor for ORR catalysis in cobalt

sulfide materials.

2.5 Experimental Methods
2.5.1 Materials

Tungsten(VI) chloride (99.9+%, trace metal basis) and cobalt(Il) chloride hexahydrate
(98%) were purchased from ACROS Organics. Cobalt(ll) chloride anhydrous (97%) and
anhydrous n-hexanes were purchased from Alfa Aesar. Carbon disulfide (Spectranalyzed™),
hexanes (certified ACS), 2-propanol (certified ACS plus), cobalt(Il) nitrate hexahydrate (99%),
tungsten disulfide (99.8%, metal basis), thiourea (99+%, for analysis), butanol and diethyl ether
were purchased from Fisher Scientific. Carbon black (Ketjenblack EC-300J) was purchased from
FuelCellStore. Sodium phosphate dibasic (analytical reagent, 99%) and sodium phosphate
monobasic (analytical reagent, 99%) were purchased from Mallinckrodt Chemicals. Oleylamine
(technical grade, 70%), oleic acid (technical grade, 90%), N-methylformamide (99%),
trioctylphosphine (97%), 5 wt.% Nafion solution, n-butyllithium solution (1.6 M in hexanes),
potassium polysulfide (>42% K>S basis), sodium hydroxide (ACS reagent, 97%), sodium
hydroxide pellets (semiconductor grade, 99.99% trace metal basis), and 1-dodecanethiol (98%)
were purchased from Sigma-Aldrich. Sodium dihydrogen phosphate monohydrate (99.9%-Na)
was purchased from Strem Chemicals, Inc. Triethylamine (99.5% min) was purchased from
Thomas Scientific. Ethanol (200 proof) was purchased from Decon Labs, Inc. All chemicals were
used without further purification. Electrolyte solutions were prepared from Nanopure water

(ASTM Type I, 18.2 MQ), purified using a Thermo Scientific Barnstead Ultrapure Water System.

2.5.2 Synthesis of 1T-WSz nanosheets

The synthesis of 100 nm 1T-WS; nanosheets is based upon a literature procedure.*® A 3-

neck round bottom flask was charged with 60 mL of oleylamine (OAm), which was degassed
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under vacuum at 65 °C for 1 hour and then heated to 320 °C under inert atmosphere. Separately,
four vials, each containing WCls (50 mg, 0.125 mmol) suspended in 300 pL of oleic acid (OA),
were sonicated until fully dissolved. The vials were purged with N2, and CS: (240 pL, 3.97 mmol)
and OAm (5 mL) were added to each solution. The WClg and CS; precursor solutions were then
injected dropwise (10 mL/hr) into the hot OAm solution at 320 °C. The reaction medium was then
removed from heat and cooled to room temperature. To purify the nanosheets, hexanes (60 mL)
and isopropanol (60 mL) were added, and the solution was centrifuged at 8700 rpm for 10 min.
After the supernatant was decanted, the solid was resuspended in hexanes with triethylamine (6.8
mL, 49.2 mmol) in order to fully remove adsorbed sulfur impurities. The triethylamine addition is
also critical to maintaining colloidal stability and synthetic reproducibility during the next step of
the synthesis. The nanosheets were again precipitated with isopropanol and centrifuged. The solid
was collected and dried under vacuum for 15 minutes, and the dried nanosheets were stored under

inert atmosphere as a powder.

2.5.3 Synthesis of Co-doped WSz nanosheets (Co-WSz):

The n-BuLi activation and solution-phase Co adsorption methods are adapted from our
previous report on Ni-doped WS2.2 To the dried WS nanosheets (26.2 mg, 0.007 mmol), a 0.1 M
solution of n-BuL.i in hexanes (10 mL) was added under inert atmosphere and stirred for 2 hours.
The Li-treated nanosheets (Li-WS>) were then rinsed with excess hexanes and redispersed in NMF.
To a1l mL solution of Li-WS,, a Co precursor solution (30 uL of 70 mM CoCl2 in NMF) was then
added and stirred for 24 hours at room temperature under nitrogen. After the Co functionalization
step, the nanosheets were precipitated with ethanol (10 mL) and hexanes (20 mL) followed by
centrifugation at 8700 rpm for 10 minutes. The supernatant was decanted and the cleaning step

was repeated one time.

2.5.4 KzS Impregnation and Annealing Treatment for Co-WS..

The nanosheets were first supported on carbon black by mixing 1 mL of a 7 mM solution
of Co-WS; nanosheets with 11.6 mg carbon in 4 mL ethanol at room temperature. The supported
Co-WS;, samples were centrifuged at 8700 rpm for 10 min. and resuspended in 2 mL of

ethanol:IPA (v:v; 1:3) solution. Next, varying amounts of K>S solution (70 mM K>S in EtOH) was
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added, ranging from 0.5 eq. (15 uL) to 10 eq. (300 uL) with respect to Co. The mixture was left
stirring in air at room temperature for 24-36 hours until the solvent fully evaporated. The dried
powder was then annealed at 300 °C for 2 hours under N2. After annealing, the sample was

successively rinsed with ethanol, water, and IPA to remove unincorporated K>S.

2.5.5 Synthesis of Co9Ss

Synthesis of CogSg nanocrystals was carried out following a previously reported
procedure.®’ To a 50 mL three-neck flask, CoCl; (32.8 mg, 0.25 mmol) and trioctylphosphine (5
mL) were added. Next, dodecanethiol (5 mL) and OAm (5 mL) were injected into the three-neck
flask with vigorous stirring. The three-neck flask was purged with nitrogen for 35 min. The
reaction temperature was raised to 250 °C and held at temperature for 10 min. The flask was then
cooled quickly to room temperature using a cold-water bath. Hexanes (5 mL) and ethanol (15 mL)
were added to precipitate and clean the material, and the solid was collected through centrifugation
at 8000 rpm for 10 min.

2.5.6 Synthesis of CoS2

Synthesis of CoS, was carried out following a previously reported procedure.®® In a typical
synthesis, Co(NO3).-:6H20 (2.91 g, 0.01 mol) was dissolved in hot butanol (25 mL). Thiourea
(3.04 g, 9.04 mol) was added and the mixture was heated to boiling until all solids were dissolved.
The color of the solution changed from red to blue with a blue solid precipitating over time,
indicating the formation of Co(thiourea)s(NOs)2. The blue solid, cobalt thiourea complex, was
collected through filtration, washed with diethyl ether, and dried under vacuum. The blue solid

was annealed at 400 °C for 2 hours under inert atmosphere to obtain the CoS: phase.

2.5.7 Synthesis of Co(OH):

The synthesis of Co(OH). nanoplatelets was carried out following a previously reported
procedure.%? Cobalt(Il) nitrate hexahydrate (1.83 g, 10.0 mmol) was dissolved in 40 mL of
Nanopure water and degassed at 70 °C for 30 min. Then, 10 mL of 2 mM NaOH was added and
the solution was aged for 1 hour at 70 °C. After cooling to room temperature, the pink suspension

was centrifuged at 8500 rpm for 10 minutes. The supernatant was decanted and the remaining solid
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was rinsed thrice using 10 mL of H,O and once with 10 mL of EtOH. After decanting the solvent,

the pink solid was dried under vacuum at 60 °C for 18 hours.

2.5.8 Physical Characterization Methods

Low-resolution transmission electron microscopy (TEM) images were acquired using an
FEI Tecnai T20 TEM equipped with a 200 kV LaBs filament. Low-resolution high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) and energy-dispersive
spectroscopy (EDS) mapping were obtained on an FEI Talos F200X S/TEM with a 200 kV X-
FEG field-emission source and a super X-EDS system. High-resolution HAADF-STEM images
were collected using a Thermo Scientific Themis Z, a spherical aberration corrected S/TEM with
a 300 kV X-FEG field-emission source. Associated EDS spectra were obtained with a quad-silicon
FEI Super X drift detector.

In order to obtain atomic-resolution HAADF-STEM images, it is critical to remove all
organic ligand and solvent residue from the TEM sample. Colloidal Co-WS; samples for HR-
STEM were cleaned four additional times with ethanol and hexanes prior to drop casting onto a
Au grid coated with an ultrathin carbon film (Ted Pella). The Au grid was then submerged in a
suspension of carbon black in hexanes, and N2 gas was bubbled into the solution for 1 min to
agitate the suspension.®® The Au grid was air-dried and stored under inert atmosphere prior to

imaging.

Powder X-ray diffraction (XRD) measurements were acquired using a Panalytical
Empyrean Powder X-ray Diffractometer. A Panalytical Epsilon 4 X-ray fluorescence spectrometer
(XRF) was used for metal quantification. Commercial WS> powder and CoCl2-6 H>O were used

to create a calibration curve for XRF measurements.

X-ray absorption spectroscopy (XAS) experiments were carried out at the 10-1D and 10-
BM beamlines at the Advanced Photon Source, Argonne National Laboratory. Samples were
pressed into a self-supporting pellet, and spectra were obtained in transmission mode at room
temperature. The Demeter software package was used to analyze the collected data.®* Data was
collected at the Co K-edge (7.7089 keV) using metallic Co foil for energy calibration. EXAFS
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coordination parameters were obtained by a least-squares fit in R-space of the k?>-weighted Fourier
transform data from 2.5 to 8.5 A~ for Co-WS;, samples and 2.5 to 9.0 A~* for control samples. A
Co foil reference sample was first fit to its known crystallographic parameters to obtain an
amplitude reduction factor (Se?) for the Co K-edge. EXAFS fitting of the first coordination shell
was carried out between 1.1 and 2.3 A in R-space. Fittings were done by refining bond distances
(R), coordination numbers (CN) and energy shift (Eo). The Debye-Waller factor (Ac?) was kept

constant for each sample.

2.5.9 Electrochemical Measurements.

Electrochemical experiments were conducted on a Pine WaveDriver 20 Bipotentiostat. A
catalyst ink was obtained by sonicating the catalyst powder in a solution containing 75.6% water,
24% IPA, and 0.4% Nafion (v/v) to obtain a nominal concentration of 7 mM by WS,. The working
electrode was prepared by drop casting 10 pL. of 7 mM solution onto a polished glassy carbon
electrode with 5 mm diameter. The catalyst film was air dried for 25 minutes at a rotation speed
of 700 rpm. The counter electrode was a graphite rod. The electrolyte used for all electrochemical
experiments besides the stability testing was 1.0 M sodium phosphate buffer solution (PBS, pH 7,
99%). Currents are reported with anodic current as positive and cathodic current as negative.
Potentials were measured against a Ag/AgCl reference electrode (3 M NaCl) and converted to the

RHE reference scale using:

E (vs RHE) = E (vs Ag/AgCI) + 0.210 V + 0.0591 V*pH

Oxygen reduction reaction (ORR) voltammetry was carried out using a rotating ring-disk
electrode (RRDE) in a single-compartment glass cell (Pine) containing 150 mL of 1.0 M PBS
electrolyte. The solution was purged with O for at least 30 min prior to the start of the experiment.
For all ORR experiments, a rotation rate of 1600 rpm is utilized. One cathodic linear sweep
voltammetry (LSV) scan is collected at 10 mV/s prior to the reported anodic LSV, obtained by
scanning at 1 mV/s from 0.0 V to 0.9 V vs. RHE. The onset potential (Eonset) for ORR is defined
to be the potential at which the ORR current density reaches —0.1 mA/cm?. All Eonset Values are
obtained from an average of three sample runs to account for variability in the electrode drop-

drying process, and the error bar reflects the standard deviation.
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The Pt ring in the rotating-ring disk electrode was held at 1.26 V vs. RHE during ORR
linear sweep voltammetry. From the ring current, the peroxide selectivity is calculated based on

the following equations:

Ir
mOZ H202 = ﬁ
21
%H202 = I N
v+ b

where Ir = ring current
Ip = disk current
N = 0.249, the collection efficiency of the Pt ring

Collection efficiency, N, was experimentally measured on our RRDE setup. LSV scans
were performed in 0.1 M KOH containing 10 mM potassium ferricyanide (KsFe(CN)s). The Pt
ring was held at 1.57 V vs. RHE and the glassy carbon disk was scanned from 1.432 V to 0.632 V
vs. RHE. The collection efficiency was calculated by taking a ratio of the limiting ring and disk
current densities. Over six rotation rates, the average value for N was calculated to be 0.249 +
0.0080.

Uncompensated resistances were measured for a set of Co-WS, samples, which ranged
from 20-36 Q in 1 M PBS electrolyte. Catalytic measurements are reported without iR
compensation. To assess the stability of Co-WS; and CoSx catalysts in ORR, accelerated CV
scanning at 200 mV/s was performed in a high-purity 1.0 M sodium phosphate electrolyte (pH 7,
99.9%). During the stability test, anodic LSV scans at 1 mV/s were obtained in the 1%, 5" 20",
and 200" scan while all intervening CV scans were collected at 200 mV/s.
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Figure 2.27. TEM images of Co-WS; + xKzS samples after PBS treatment.
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