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Evaluating the Stability and Catalytic Reactivity of Binary and Ternary
Molybdenum Chalcogenides: Towards the Design of Earth-Abundant

Hydrogen Evolution and Carbon Dioxide Reduction Electrocatalysts

Abstract

Sustainable terawatt-scale energy solutions for a constantly evolving energy landscape necessitate
the rapid development of transformative materials that facilitate energy conversion reactions that can power
industrial, commercial, and even residential sectors without further accelerating anthropogenic climate
change. Transitioning from a highly pollutive fossil-fuel based energy economy to a carbon-neutral or even
carbon-negative one could require massive infrastructural changes in energy production and distribution at
both the national and global scales if this transition were to be achieved by complete removal of the liquid
fuels currently afforded by crude oil refining. However, drop-in replacements for these fossil fuels that
include short-chain hydrocarbons and oxygenates like methane, ethylene, methanol, and ethanol—maintain
desirable energy densities and are synthesizable via electrochemical methods that can be readily coupled to
renewable sources of electricity—namely, intermittent wind and solar electricity. The conversion of vastly
abundant yet intermittent solar energy into easily storable fuels such as hydrocarbons and alcohols
represents one of the defining challenges of our time. Hence, the onus of proof is ours as researchers to
verify the existence of rational design principles for novel catalyst materials that can facilitate chemical
transformations of abundant feedstocks such as atmospheric CO, and water to viable fuels using sunlight
as the only energy source. Such catalysts will not only provide a means of storing solar power but will also
precipitate a paradigm shift within the chemical industry from reliance on petroleum feedstocks to the
largescale utilization of CO; as the primary carbon source. The design of novel catalytic materials is subject
to a stringent set of criteria-the materials need to be constituted from inexpensive and earth-abundant
elements, exhibit high activity and selectivity in terms of chemical transformations, and be stable over long

periods of operation. This dissertation details an iterative research effort that includes the synthesis and



stability analysis of new catalyst compositions, characterization of their local and electronic structures, as
well evaluation of their catalytic reactivity for foundational energy conversion reactions like H* reduction,
CO reduction (COR), and CO; reduction (COzR).

The development of precisely tailored catalyst materials is predicated on a fundamental
understanding of their composition-structure-function relationships. Hence, efforts here were focused on
investigating dimensionally controlled binary and ternary chalcogenide materials wherein compositional
and structural variations give rise to tunable charge transport dynamics, interfacial reaction kinetics, as well
as bulk and surface energetics. These studies span synthetic materials chemistry, synchrotron X-ray
spectroscopy analysis of electronic and atomistic structure, CO, reduction and hydrogen evolution
electrocatalysis, as well as computational modeling, all in order to develop foundational materials design
principles, where the evolution of electrochemical reactivity is evaluated in order to gain fundamental
insights into energy conversion and storage.

Chapter 1 provides a review of the state-of-the art in CO, reduction and hydrogen evolution
electrocatalysis, including fundamental principles that will be discussed in this work related to the interplay
between physicochemical properties of catalyst materials and their surface reactivity. Also included in this
chapter is a review of gaps in the current understanding of design principles for multinary chalcogenide-
based electrocatalysts, as well as the route toward establishing such design principles that is highlighted in
this dissertation. Foundational information relevant for synthetic and characterization techniques discussed
through out the dissertation is also provided.

Chapter 2 outlines the development of rapid, microwave-assisted solid-state synthetic methods for
promising binary and ternary chalcogenides in the pseudo-molecular Chevrel-phase sulfide, selenide, and
telluride electrocatalyst families of composition MyMoeXs (M = metal intercalant; X = S, Se, Te; y = 0-4)
which enable significant compositional and structural flexibility which is critical for developing the
aforementioned composition-structure-function relationship. Our focus is on establishing synthetic

accessibility based upon the thermodynamic stability of the target phases compared to other binary and
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ternary chalcogenide phases with competitive stability at intermediate (300-700°C) and high (>700°C)
reaction temperatures.

Chapter 3 elucidates the structural and electronic structure features of promising binary and ternary
Chevrel-phase sulfide electrocatalysts using synchrotron-based X-ray spectroscopic methods. These studies
highlight potential electronic signatures that can be used as proxies for electrochemical CO2R, COR, and
HER reactivity, and offer glimpses into a new avenue of operando interfacial spectroscopic evaluation for
these materials of interest. Observed spectral features in the S K-edge X-ray Absorption Near-Edge
Structure (XANES) indicate that the increased population of frontier S 3p orbitals upon ternary intercalation
into binary Chevrel-phase frameworks leads to a reactive Mo-S active site that is more conducive to
mediating requisite proton-coupled electron-transfer steps in the CO, and CO reduction pathways to liquid
methanol. Additionally, the effect of composition and structure on thermodynamic stability is discussed
through the lens of synergistically incorporating insights from experiment and theory to accelerate the
discovery of new energy materials.

Chapter 4 highlights an investigation into the effects of dimensional modification in the ternary
molybdenum sulfide composition space wherein chalcogen-deficient 1-dimensional pseudo-Chevrel-phase
(PCP) sulfide nanorods of composition (M2Mo0sSe) are directly synthesized for the first time through solid-
state methodologies. A nucleation mechanism is proposed based on computational surface modeling, and
a series of alkali metal-intercalated PCP phases are evaluated electrochemically to elucidate interfacial

charge-transport dynamics.
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Figure 2.3. Computationally confirmed interaction between CO and a ternary CP active site ensemble
(a). This illustrates that preferential binding of CO on a Cu;Mo¢Ss CP surface occurs at Mo (blue) active
sites, while the proximity of Cu (brown) to S sites (yellow) encourages promoter-to-chalcogen charge
transfer. Scanning electron micrograph detailing the faceted morphology of polycrystalline Cu,MogSs (b).

Figure 2.4. EDX spectra for CuzMoeSs (a), and MoeSs (b) indicating that copper has been removed from
the bulk Cu;Mo0eSs structure upon chemical etching. Signal at ~1 keV represents the Cu L edge, and is
unlabeled because it was not required for quantification. Label for oxygen was included to illustrate lack
of bulk oxidation iN the SAMPIES. ...cceei e e e e e e e s e e e e e e e s e e anteaeeeeeeeeennnes 28
Figure 2.5. K-edge XANES for Cu in Cu;MoeSs with a Cu® foil for reference (a), K-edge XANES for Mo in
Cu,Mo6Sg and MosSs, with a Mo? foil for reference (b), and K-edge XANES for S in Cu,Mo0eSs and MoeSg
(c). A reference scan using NaS;03 is shown in Fig. $2.12 of the Sl.....cccueveciieicieeccieecee e 29
Figure 2.6. High-resolution XPS spectra for Cu (a), Mo (b), and S (c) before electrolysis (black) which are
in reasonable agreement with expected oxidation states in CuoMogSg of +1, +2.33, and -2, respectively,
and after electrolysis (red) which indicates slight oxidation of Cu and Mo as a result of exposure to
moisture and oxygen following electrolysis. It is not expected that either species is oxidized during
electrolysis. Values were determined using the Perkin-Elmer handbook of XPS........ccccceiviiiiiieeeeeiennns 30
Figure 2.7. Processed EXAFS information plotted in magnitude and in real space for Cu in Cu;Mo0¢Ss (a),
Mo in MogSs (b), Mo in CuzMoeSs (c), and for Mo in Cu;MoeSs overlaid with Mo in MogSs to compare Mo-
S and Mo-Mo signals (d). Qualitative differences in local Mo coordination as presented here are
discussed quantitatively in the results and discussion SECLIONS. .......ccceciiiiiiiiiie e 31
Figure 2.8. NMR signals for formate at 8.45 ppm (a)-(c) and for methanol at 3.36 ppm (d)-(e) detected
after electrolysis under CO; (a),(d), CO (b), (e), and N (c),(f). Signals at 3.00 ppm and 7.92 ppm both
correspond to the internal standard, N,N-dimethylformamide. All displayed NMR spectra are the result
of electrolysis at -1.0 V vs RHE in either 0.1M Na,COs purged with CO; or N, or 0.1M NaHCOs; purged

Figure 2.9. Potential-dependent geometric current density after electrolysis for CO; reduction products
(a), for hydrogen evolution under CO; headspace (b), for CO reduction products (c), and for hydrogen
evolution under CO headspace (d). Experiments for (a) and (b) were carried out in a pH 6.8 electrolyte
where 0.1 M Na,CO3 was purged for 1 hr with CO,, while experiments for (c) and (d) were carried out in
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connecting lines are included to aid in the visualization of partial current density trends, although these
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Representative CPE data can be found in Fig. S2.13. ....eiiiiiiiiiiiiie et e s e s araee s 33
Figure 2.10. Plot of the open circuit potential over time with Cu,Mo¢Sg as a working electrode in 0.1 M
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Figure 2.11. Density of states for MoeSs (a) and CuMoeSs (b) calculated using the HSEO6 functional. A
noticeable DOS increase at more negative energies indicates charge transfer to the S atoms as
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Further confirmation of charge transfer to S atoms can be seen in Fig. $2.17 which shows the result of
Bader Charge @NalySis. .uueiiiiiiii ettt e e e et e e st e e e s tt e e e e s at e e e e e atae e e e nbeeeeerraeeeearrees 35
Figure 2.12. NMR spectra showing production of formate (8.45 ppm) (a) and methanol (3.36 ppm) (b) on
Cr173Mo0¢Ss as well as formate (8.45 ppm) (c) and methanol (3.36 ppm) (d) on Ni2MoSs. Both formate
and methanol were produced in significant quantities over NizMoeSs, while methanol was only produced
in trace levels over Cr173Mo06Ss while formate was the dominant CO;RR liquid product. Raw data from
CPE experiments for these phases is included in Fig. S2.18 .......ccocviiiiiiiiiiiiiiiie et 37
Figure 2.13. 'H NMR spectra showing signals for methanol at 3.36ppm before electrolysis over a
MosSs@C working electrode (a) after electrolysis at 50 coulombs over the same MogSs@C electrode (b),
before electrolysis of PFTE@C working electrode (c), and after electrolysis at 50 coulombs over the same
PTFE@C working electrode (d). Experiments were performed in CO,-saturated 0.1M Na,COs electrolyte
at -0.8V vs RHE. We observe the evolution of a signal for methanol only when MogSs is present on the
electrode, indicating that the intrinsic activity of MoeSs yields methanol from CO; in aqueous
environments. The same experiments also yield formate when MoeSs is present, where observed
faradaic efficiencies for methanol and formate are 0.09% and 0.05%, respectively. ......cccccvecveeeinivennnnns 39
Figure 2.14. Proposed reaction pathway over a simplified CP surface for the carbophilic reduction of CO,
to methanol (highlighted in green), with as well as the competitive oxophilic reaction pathway leading to
formate (highlighted iN red)........uei i e e e st e e e stae e e eenbaeeeesnraeeeeans 40
Figure S2.1. Diagram showing experimental set-up for microwave-assisted synthesis method (a) and
Crystal structure for Cu;Mo6Ss (b) where Cu = red spheres’, Mo = blue spheres, and S = yellow spheres.

Figure S2.2. Indexed PXRD pattern for as-synthesized Cu,Mo¢Ss (red) overlaid with pattern expected
from TItErature (DIACK). ... ..o et e e e et e s e et e e s be e e ateesaseeensaeesnteeeneeesnreas 49
Figure S2.3. Images depicting a custom-blown H-cell configured electrolysis cell with working, reference,
and counter electrodes sealed under CO; by precision seal rubber septa (a) and a piece of as-synthesized
(O e o] o o de =T =Totd o] VA F | o) F ST SP 50
Figure S2.4. Experimental validation that carbonate electrolyte bulk pH is reduced to near-neutral values
over the course of CO; sparging (a) and that bulk pH does not increase significantly in the static cells
implemented in this study over the course of electrolysis where 50 coulombs of charge are passed
through a CuzM0gSs WOTrKiNg €lECIrOdE. ......uviiiiiei e e e e e e e e e s rae e e e e e e e eanes 51
Figure S2.5. Monitoring pH over time for a CO-purged 0.1M NaHCOs electrolyte, showing slight increases
to bulk electrolyte pH of less than one pH unit. Effects of increasing bulk pH do not necessarily reflect
inherently high pH at the electrode-electrolyte interface, and as such the effect of bulk pH increase over
time on CO; reduction catalysis are not systematically studied here. ........cccccvveiieiiei e, 52
Figure S2.6. Current stability over the course of electrolysis at -1.0 V vs RHE and pH 6.8 ina 0.1 M
Na,COs electrolyte purged with CO; (a). Linear sweep voltammograms in pH 6.8 electrolytes at constant
scan rates of 50 mV/sec, showing an identical onset potential for reductive current under both CO,
(black) and N (red) (b). This indicates that HER dominates observed current densities and there is no
observable contribution to current density from CO; reduction, as confirmed by the values seen in
Figure S2.9. Linear sweep voltammograms were observed for pellets of identical exposed surface area.

Figure S2.7. Complete NMR spectrum after electrolysis at -1.002V vs RHE at Cu;Mo0¢Ss showing a large,
suppressed H,0 signal at ~¥4.7 ppm (a)’, and NMR inset showing the peak at 1.90 ppm that corresponds
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to acetate in both the electrolysis product aliquot, as well as in a blank prior to electrolysis (b). Acetate
was not observed as a product at any point in this stUdy. .......ccccceviiiiiiiiiii e 54
Figure S2.8. GC-TCD chromatographs illustrating the test injections used for calibration of H,, CO, and
CH, (a-b) as well as test injections to ensure sufficient detection of C;Hs. 100% C,H4 resulted in fronting
of the eluent, and the detection limit on the order of 0.01% percent was sufficient in detecting trace
guantities of ethylene given the electrochemical cell construct implemented in this study. Methane and
ethylene were undetected in all electrolysis experiments involving MyMo0gSg catalysts. ..........ccocuveeenene. 55
Figure S2.9. Potential-dependent Faradaic efficiency for CO; reduction products (a), for hydrogen
evolution under CO; headspace (b), for CO reduction products (c), and for hydrogen evolution under CO
headspace (d). Experiments for (a) and (b) were carried out in a pH 6.8 electrolyte where 0.1 M Na,COs;
was purged for 1 hr with CO,, while experiments for (c) and (d) were carried out in pH 6.8 electrolyte
where 0.1 M NaHCOs was purged for 1 hr with CO. Error bars reflect one standard deviation................ 56
Figure S2.10. Most stable binding geometry for CO on MogSs. Multiple CO binding configurations at the
Mo and atoms were explored and binding to Mo was determined to be most favorable in all cases. CO
binding results in a stable octahedral coordination of the active Mo atom. .........ccccceeiiiiiiiieeee e, 57
Figure S2.11. Calculated binding energies for CO at relevant binding sites in MoeSs (a), and at the most
favorable Cu and Mo sites in Cu;Mo0eSs (b). S interactions are not presented for Cu;MogSs because only
very weak VdW forces were calculated, as was the case for M0gSs. ....coccveeiiiciiieiiiciiee e 58
Figure S2.12. Full XAS spectra for (a) Cu-CP with a Cu® foil reference; (b) Cu-CP and bare-CP with a Mo®
foil reference; (c) Cu-CP and bare-CP with a Na,S,03 reference. Scans for the Na,S,03 reference (black) in
(c) were only carried out in the immediate energy range around the S K-edge because reference spectra
were not collected simultaneously with CP spectra, as was the case for CPs.......ccccovveeeeieeccciieeee e, 59
Figure S2.13. Raw data from controlled potential electrolysis experiments that show steady-state
reduction currents over Cu,MoeSs that were then normalized with respect to electrode surface area and
then multiplied by Faradaic efficiency for each product that was detected via NMR and GC following
each experiment in order to obtain partial current density values presented in Figure 2.9. These scans
are representative of the raw current over time for each of the four potentials tested in this work (-0.4 V
vs RHE (red), -0.6 V vs RHE (blue), -0.8 V vs RHE (pink), and -1.0 V vs RHE (green)), and are therefore not
shown in their surface-area normalized forms. A notable increase in noise due to vigorous formation of
H, under stirring is observable for the -1.0 V experiments in panels (b) and (d). All experiments were
performed in CO,-saturated 0.1M Na,COs at pH 6.8 under vigorous magnetic stirring. .......ccccceeevveeeennnee. 60
Figure S2.14. Mo 3d XPS spectra for Cu;MogSs catalyst before electrolysis (a), and after electrolysis (b),
indicating slight oxidation of Mo following exposure to moisture and oxygen. It is not believed that
catalyst oxidation occurs during leCtrolysis. ........ccueiiiiiiie i e 61
Figure $2.15. XPS survey scan of Cu,MogSs CP both before (black) and after (red) electrolysis. Peaks to
note are the O1s and Cls signals that arise from a native oxide layer as well as surface carbon. Both
species diminished over the course of successive surface-sputtering depth-profile scans, hence the only
signal that evolved as the result of electrolysis is that of Na, a principle electrolyte component............. 62
Figure S2.16. Mass-spectrum following injection of the cell headspace following electrolysis over
CuxMo6Ss at -1.0 V vs RHE in a 0.1M NaC Os electrolyte saturated with CO; at 1 atm. Prominent signals
for N and O resulted from the ambient gas in the needle of the injection syringe.........cocccvivveeiinnnnis 63
Figure S2.17. Results of Bader charge analysis for MogSs, CuMo0sSs and Cu;MosSs which shows a notable
increase in electron localization on S atoms upon introduction of Cu. Bader charge analysis operates on
the principle that atoms within a structure can be divided based upon their charge density according to
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discreet volumes that form from zero-flux surfaces that are two-dimensional planes on which charge
density for an atom is at a minimum perpendicular to the plane. Hence charge density within the
volume made up by these zero-flux surfaces is a good approximation of the relative charge each atom
WItRIN @ STFUCTURE.O0 ..ottt ettt ettt et ettt s et e et ess et ese et ensetensesensetensesenseseaes 64
Figure S2.18. Raw data from controlled potential electrolysis experiments that show steady-state
reduction currents over Cri73Mo06Ss (black) and Ni2MoeSs (red) that yielded the product distributions
shown in Fig. 2.12. These experiments were performed in aqueous CO;-saturated 0.1 M Na,COs3

electrolyte at pH 6.8 at -0.8 V vs RHE under vigorous mechanical stirring. .......ccccocceeeevciveeniieee e 65
Figure $2.19. XRD patterns overlaid with published patterns for Cr;73M0eSs (a) and Ni;MogSs (b) that

were Used iN CONTIOl EXPEITMENTS. ....uiiii ettt e e et e e e esbreeesenbaeeeesnbaeeessnsaeeeesnseeeenns 66
Table S2.1 Result of Pawley refinement for all Chevrel-phase structures studied in this work................. 67
Table S2.2 Fitting parameters for Mo K-edge Of CU2IMO6Ss «...ccovcuriiiiiiiiiiiiiiieeciiie st esreee s e 69
Table S2.3 Fitting parameters for Mo K-dge Of IM06Sg.......uuuiiiiiiiiiiiiiiecciiee et e e aanee s 69
Table S2.4 Fitting parameters for Cu K-edge of CUsMO6Ss....uieeeiiicciiiiiiiee ettt e nrree e e e 69
Table S2.5 Extracted bond lengths from EXAFS fittings......cuvviiiciiiiiiiiiie e 70

Figure 3.1. Crystal structure showing connectivity in Cu;MogSs where Cu ions (red) are found inside the
cavity formed by adjacent MoeSs units (a), and an MoeSs cluster unit showing six additional axial bonds
between Mo (blue) and S (yellow) that link adjacent clusters together (b)......cccccovveiviiiiiiiciecceee 72
Table 3.1. Reagent masses used to obtain 500 mg precursor mixtures for microwave heating. .............. 75
Figure 3.2. Indexed PXRD pattern for as-synthesized Cu;MoeSs overlaid with an ICSD reference pattern
(a) and a scanning electron micrograph showing faceted Cu;MoeSs crystal which forms under microwave
T Yo LN 4T YT o) PSSR 76
Figure 3.3. Mo L,-edge XANES for M;Mo¢Ss (M = Fe, Ni, Cu) (a) and for FexMogSs (x = 0-2) (b) showing
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Figure 4.6. Examples of oxidative and reductive charging currents for (A) PCP-free blank ink, (B) K-PCP,
(C) Rb-PCP, and (D) Cs-PCP. Capacitance is taken as the average of the absolute value for both positive
and negative slopes in each case. In some experiments, 200mV/sec scans resulted in a large amount of
noise, and are excluded on a case by case basis. Average capacitance values shown here represent the
values for these specific scans, and are not the average values following replicated scans as reported in
the main text. Average values for double layer capacitance are reported in Figure S3.11. .................... 127
Figure 4.7. (A) Specific capacitance per gram of M_PCP, calculated using double layer capacitance and

known mass loading onto a conductive carbon substrate, (B) Resistance to electron-transfer of M,PCP
inks in a 0.5M H,SO, solution under multiple applied potentials vs RHE, (C) Polarization curves obtained

via linear sweep voltammetry for MzPCP inks as well as for a blank ink, all submerged in 0.5M H,SO,, and

(D) Tafel plots for MaPCP inks along with a blank ink for reference, further illustrating the current-

potential response of each ink acting as a catalyst for the Hydrogen Evolution Reaction (HER). ........... 128
Figure 4.8. Phase angle response during potential-dependent EIS experiments for (A) PCP-free blank ink,
(B) K-PCP, (C) Rb-PCP, and (D) Cs-PCP where w is the AC bias frequency. .....cccccovveeeevieeececieee e 130

Figure 4.9. Impedance modulus response during potential-dependent EIS experiments for (A) PCP-free
blank ink, (B) K-PCP, (C) Rb-PCP, and (D) Cs-PCP where w is the AC bias frequency. Low frequency regions
in all cases exhibit potential-dependent diffusion control, evidenced by the ~45 degree response of the
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Figure S4.1. Schematic illustration of the synthetic method wherein the fused quartz reaction vessel is
packed tightly with microfibrous Al O, and a layer of sacrificial graphite in order to isolate compressed

pellets with M,Mo S, stoichiometry under an inert atmosphere during heating. The entirety of the far-

right figure is placed in a microwave chamber under continuous flow of Ar. ......ccceeviiiiiviiee e, 136
Figure S4.2. PXRD patterns used for Pawley refinement (black dots), along with their calculated patterns
(red line) and the difference curve (grey line) for all three PCPs studied. Insets in each case contain the
characteristic (010) peak of the PCP crystal system illustrating a relatively large degree of asymmetry,
consistent with many low-angle diffraction Peaks. .........coeeecciiiiiie e 137
Figure S4.3. Lattice-resolved TEM images for Rb-PCP and Cs-PCP that illustrate the (010) and (110)
directions, respectively. K-PCP was omitted owing to the thickness of K-PCP rods preventing required
levels of transmission for [attice IMAagING. ...c.coiiiiiiee e e e e e s e enr e 138
Figure S4.4. EDX spectra for (A) K-PCP, (B) Rb-PCP, and (C) Cs-PCP, illustrating no bulk elemental
impurities for the rods synthesized here, and no significant evidence of bulk oxidation as might be
expected from a nano-scale chalcogenide. Average alkali metal atomic percent compositions for each
M,-PCP are listed and are in good agreement with expected values within the error of EDX

quantification, although Mo/S composition is omitted owing to strong overlap between Mo Lal and S
Kal lines which convolutes their qUantification. .......ccccooviiir i 139
Figure S4.5. Result of EDX mapping of an individual K-PCP nanorod, performed with an accelerating
voltage of 10keV and beam current of 3.2nA, illustrating uniform elemental distribution throughout the
entirety of the rod. The corresponding line scan is shown in Figure S4.6..........cccccvvieeeeeeeecciiiieeeeeeeeeens 140
Figure S4.6. EDX line scan for the isolated K-PCP nanorod shown in Figure S4.5. Constituent element
signals scale with sample thickness under the electron beam, and is uniform along the length of the rod.
The scan position represented by a yellow line in the corresponding SEM (A) has been aligned to scale
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Figure S4.7. Result of EDX mapping of an individual Rb-PCP nanorod, performed with an accelerating
voltage of 10keV and beam current of 3.2nA, illustrating uniform elemental distribution throughout the
entirety of the rod. The corresponding line scan is shown in Figure S4.8.........cccoccvveiiivieeiicciee e, 142
Figure S4.8. EDX line scan for the isolated Rb-PCP nanorod shown in Figure S4.7. Constituent element
signals scale with sample thickness under the electron beam, and is uniform along the length of the rod.
The scan position represented by a yellow line in the corresponding SEM (A) has been aligned to scale
With the POSITION XIS N (B)...eiiiiieiiie ettt e e e stte e ste e e ta e e s nte e e st e e sateesnseeesntesenseeennes 143
Figure S4.9. Result of EDX mapping of an individual Cs-PCP nanorod, performed with an accelerating
voltage of 10keV and beam current of 3.2nA, illustrating uniform elemental distribution throughout the
entirety of the rod. The corresponding line scan is shown in Figure S4.10.......cccccccvveiivvieeeiccieeeeeiieee s 144
Figure $4.10. EDX line scan for the isolated Cs-PCP nanorod shown in Figure S4.9. Constituent element
signals scale together with sample thickness under the electron beam. Intensity of each component
decreases from ~0.6um onward owing to decreased thickness of the rod. The scan position represented
by a yellow line in the corresponding SEM (A) has been aligned to scale with the position axis in (B)...145
Figure S4.11. Double layer capacitance for each of the inks studied herein, taken as the average slope of
all repeated current Versus SCan-rate PIOLS. .....uuiiiciiiii it e et e e estae e e e err e e e e beeeeeans 146
Figure S4.12. Examples of Nyquist plots for (A) PCP-free blank ink, (B) K-PCP, (C) Rb-PCP, and (D) Cs-PCP
that were used to determine interfacial charge transfer resistance. Using a Randle circuit, resistance to
charge transfer is taken as the difference between extrapolated x-intercepts at low AC frequency (right
side) and at high frequency (IEft SIAE). ..ocuviiiiii et e e e sareas 147

Figure S4.13. (A) Average overpotential required to achieve a current density of 1OmA/cm2for all four
inks, and (B) Average Tafel slope calculated for all four inks. In both figures, error bars represent a single
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Table S4.1 Compiled lattice parameters extracted via Pawley refinement for M,Mo S, compared with
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1. Chapter 1 Introduction

Introduction

Sustainable terawatt-scale energy solutions for a constantly evolving energy landscape necessitate the rapid
development of transformative materials that facilitate energy conversion reactions that can power
industrial, commercial, and even residential sectors without further accelerating anthropogenic climate
change. Transitioning from a highly pollutive fossil-fuel based energy economy to a carbon-neutral or even
carbon-negative one could require massive infrastructural changes in energy production and distribution at
both the national and global scales if this transition were to be achieved by complete removal of the liquid
fuels currently afforded by crude oil refining. However, drop-in replacements for these fossil fuels that
include short-chain hydrocarbons and oxygenates like methane, ethylene, methanol, and ethanol—maintain
desirable energy densities and are synthesizable via electrochemical methods that can be readily coupled to
renewable sources of electricity—namely, intermittent wind and solar electricity. The conversion of vastly
abundant yet intermittent solar energy into easily storable fuels such as hydrocarbons and alcohols
represents one of the defining challenges of our time. The rational design of novel catalyst materials that
can facilitate chemical transformations of abundant feedstocks such as atmospheric CO;and water to viable
fuels using sunlight as the only energy source is an urgent imperative. Such catalysts will not only provide
a means of storing solar power but will also precipitate a paradigm shift within the chemical industry from
reliance on petroleum feedstocks to the largescale utilization of CO; as the primary carbon source. The
design of novel catalytic materials is subject to a stringent set of criteria-the materials need to be constituted
from inexpensive and earth-abundant elements, exhibit high activity and selectivity in terms of chemical
transformations, and be stable over long periods of operation. With the example of solar-to-fuels
technology, materials must be designed that convert solar electricity directly to fuels (photoelectrochemical

processes)’ 2 or that convert solar-sourced electricity to fuels in a tandem photovoltaic—electrolyzer (PV-
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Figure 1.1 Diagram illustrating a net carbon neutral or negative energy cycle driven by renewable
electricity and electrochemical conversion of atmospheric greenhouse molecules into value-added
products.

electrolyzer) construct (see Fig. 1.1).** Material performance considerations associated with either task are
plentiful. Perhaps most importantly, functional material compositions are ones that most effectively reduce
energy penalties for the desired chemical conversion process, like the hydrogen evolution reaction (HER)

with the balanced half reaction shown in eq. 1.1.

2H" ag)+2e > Ha) (eq.1.1)

An unfortunate reality is that the most efficient (i.e. low energy penalties and high rates of fuel production)
catalytic acceleration of reactions like the HER have required non-abundant elements like Pt, Ru, and Ir

that engender prohibitively expensive material costs for large scale deployment.®®

Earth-Abundant Electrocatalyst Design:

An increasingly popular strategy for mitigating the aforementioned composition-based limitation is the
design of entirely Earth-abundant materials that also mediate desirable energy conversion reaction such as
the aforementioned HER (to generate hydrogen gas for combustion or for use in fuel cells),*** the CO,

reduction (CO2R) reaction (to form oxygenate and hydrocarbon fuels),*® ** oxygen evolution reaction



(OER) (to balance cathodic reactions like HER and CO2R),** ** and the oxygen reduction reaction (ORR)

(for fuel cell applications and peroxide synthesis).'® %’

Of these reactions, the electrochemical small-molecule transformations of particular interest in this
body of work are the CO; reduction reaction (CO2RR) and CO reduction reaction (CORR) wherein
chemical bonds of dissolved CO; and CO, respectively, are manipulated in the presence of hydrogen (i.e.
protons from aqueous electrolyte) and electrons from a surface under applied bias in order to yield
hydrocarbons (e.g. methane, ethane, ethylene, propane etc.) and oxygenates (e.g. methanol, formic acid,
ethanol, acetate etc.). Balanced reactions in the case of CO2R to methanol and COR to methanol are given

ineq. 1.2 and eq. 1.3, respectively:

CO2(aq) + 6H" agt6e>H20»)+CH30Hy) (eq. 1.2)

COag) + 4H"(ag+4e > CH3OH() (eq. 1.3)

Intuitively, mediating either of these multi-proton and multi-electron transfer reactions through
electrocatalysis requires an electrode surface that facilitates the complex reaction kinetics of multi-step
pathways toward liquid fuels. Hence active catalyst surfaces must stabilize a series of adsorbed intermediate
species while simultaneously minimizing activation barriers for proton and electron transfer steps, bond
cleavage steps, and association/dissociation steps.*® This requirement is further complicated by the presence
of a slew of competitive reactions that include undesirable pathways hydrocarbon and oxygenate products,
and that include the ubiquitous HER which presents an existential challenge to CO, and CO conversion
electrochemistry.’® % Hence it remains highly desirable do develop a system that can facilitate either the
CO2RR or the CORR selectively to a single liquid-phase product, with at most a single gas-phase product—
ideally hydrogen gas which can be further integrated into functional energy systems.?* % To date, only
metallic copper electrocatalysts have been championed for their ability to yield value-added products from
CO; and CO with an appreciable Faradaic efficiency.® 2> ?* That is, the majority of electrons passing

through a biased copper surface are indeed coupled to the CO, or CO target molecule to produce desirable



chemicals, rather than being coupled to other species (e.g. H*) present in solution to yield undesirable side-
products. The problem with all known unary CO.RR and CORR electrocatalysts lies in their poor
selectivity, their poor intrinsic reactivity, or a combination of the two.? Hence it is of great importance that
new catalytically reactive systems are developed that incorporate multiple elements at their active sites in
order to provide unique binding environments for adsorbate intermediates of the aforementioned conversion
reactions. This strategy may prove efficacious in steering reaction trajectories selectively to specific liquid
phase CO:R and COR products, while simultaneously affording multiple levers of control over reaction

efficiencies.?

Studies of molybdenum chalcogenide-based CO; reduction catalysis have been largely focused on
evaluating the basal plane and edge-site reactivity of MoS;, where reactivity has been evaluated in both
aqueous®’ and ionic liquid conditions.?® In aqueous electrolyte, is has been shown that basal planes of MoS;
which have been traditionally considered inert for electrocatalysis, can in fact mediate the reduction of CO;
to Co+ alcohols that include n-propanol which is an exceptionally promising value-added product. It was
observed in this work by Francis and Velazquez et al*’ that the source of this interesting reacitivy was the
presence of sulfur vacancies on MoS; basal planes that have since been shown to encourage the generation
of formaldehyde intermediates which are key in the formation of higher alchols like ethanol and
methanol.?**® Additionally, a significant body of work has been dedicated to computational analysis of
transition metal-doped MoS; where systems doped with Ni and Nb encourage adsorption COOH* and
CHO™* at bridging S sites while favorably adsorbing CO* at the metal dopant site, thereby breaking the
reactivity-limiting intermediate scaling relations that plague metallic electrocatalysts.®* Experimentally,
such doping strategies have proven successful in increasing turnover frequencies for the reduction of CO,
to CO in ionic liquid electrolytes,® and this mechanism of intermediate stabilization by incorporation of
ternary species into molybdenum sulfides motivates the current body of work on underexplored ternary
Mo-based systems with the goal of catalyzing CO- reduction to liquid fuels like methanol. In addition to

Mo-based sulfide electrocatalysts, sulfide-derived Cu,S@Cu core shell architectures have shown relatively



high efficiencies for the formation of C,. products, albeit at total Faradaic efficiencies under 35%.%
Additionally, S-modified Sn catalysts have recently been shown to increase formate production current
densities by as much as four-fold compared to their metallic analogues,® further highlighting the potential
for chalcogen inclusion at catalytically active sites to encourage CO2R reactivity. However, selective

formation of fuels remains a challenge for heterogenous systems.

Chevrel-Phase and Pseudo-Chevrel-Phase Molybdenum Chalcogenide Compositions
Spaces

In expanding our search for catalytically reactive materials to multinary spaces, we introduce a broad
landscape of physicochemical properties that change as the compositions, structures, and dimensionality of
materials change—dramatically complicating the search for viable solutions to our energy needs. However,
with these multinary systems we simultaneously unlock near-infinite control with which we can leverage
those very same composition-dependent variables (crystallinity, dimensionality, electronic structure,
etc....) that initially appear to complicate our search for viable energy materials. As a result, we must be
diligent and well-guided by chemical intuition in our extraction of meaningful properties that allow for the

construction of informative composition-structure-function relationships.

One multinary family with profound energy applications that is well-suited to the pursuit of
composition-structure-function relationships is the expansive metal-chalcogenide (S, Se, and Te)
composition space where functionality,® 3 stability,®” material cost, and even large-scale processability®®
% can be controlled via careful selection and arrangement of constituent elements. In this body of work,
promising functionality is observed in pseudo-molecular and dimensionally controlled multinary
chalcogenides within the Chevrel-Phase (CP) MyMosXs (M = alkali, alkaline, transition, post transition
metal; y = 0-4; X = S, Se, Te) and Pseudo-Chevrel-Phase (PCP) M2Mo0sSs (M = K, Rb, Cs) families that
exhibit tremendous potential for compositional modification, as illustrated in Fig. 1.2 where experimentally
verified substitution modalities are depicted. In addition, the foundations of design strategies for

chalcogenide-based frameworks that have applications in energy conversion technologies like electro- and
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Figure 1.2. Schematic showing generic CP and PCP compositions as well as ternary and quaternary
substitutions that are all synthesizable via rapid, high-temperature microwave assisted synthesis.

photoelectrocatalysis are outlined. Integrated experimental and computational approaches to chalcogenide
design have already been established in some areas including adsorption affinity during electrochemical
reactions as well as thermodynamic stability of frameworks as a function of composition, and we expect
that future developments in functionality for these highly flexible materials will be necessarily borne out of

synergistic efforts by experimentalists and theoreticians.

Composition-Structure-Function Relationships in Chevrel and Pseudo-Chevrel Phases

Important considerations when evaluating the performance of any material depend very obviously on the
desired application. However, for the sake of highlighting energy applications for the flexible chalcogenide
spaces of interest in this body of work, we consider properties related to local coordination and electronic
structure. It is well understood that interfacial catalytic reactivity (i.e. reaction rate and selectivity) depends

strongly on local coordination of reaction intermediate adsorbates at active sites.*® ** In multinary



chalcogenides as with any system, these active site configurations drive reactivity through an “ensemble
effect”* wherein implantation of unique elements in the proximity of the adsorption site, either via

structural incorporation,** 44

or even by electrostatic attraction to a charged species from an electrolyte (in
the case of electrocatalysis)*® will directly affect the local electric field experienced by the adsorbate.
Moreover, this implantation can affect formal coordination to molecular domains of intermediate species,
as was computationally evaluated in the Chevrel phase system by Liu and White et al. for a series of cation-
“promoted” MoeSs structures.** “® Intuitively, the evolution of formal bonding between catalysts and
reaction intermediates depends on the orbital landscape of the systems involved. This phenomenon has been
previously coined as the “ligand effect” to denote electronic contributions from surrounding species to
adsorbate binding at catalytically active sites (an important consideration in coordination complexes and
extended solids alike).* 4" Hence, we consider the argument for using the incredibly informative and,
historically, readily computed d-band center model (Fig. 1.3) for explaining and predicting reactivity of
electrocatalysts.*® °
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Figure 1.3. Schematic illustrating the principles of bond formation between adsorbate valence states
and surface s and d states. Bond strength according to this model is dependent on the population of
metal-adsorbate antibonding states, which depends on the position of the surface d-band center
relative to its Fermi level. Figure adapted from Ref 49.

This descriptor is necessarily composition dependent and has proven useful for explaining the reactivity of
metallic catalyst systems on the basis of bonding versus antibonding orbital population, but we must also
acknowledge the severe convolution of the frontier orbital landscape within p-block systems like the

chalcogenides of interest here. By introducing non-metal species into multinary chalcogenides, we obviate



a potentially straightforward mechanism for predicting reactivity like simply observing d-band
characteristics. Ostensibly, more complex electronic structure-based metrics for quantifying chalcogenide
reactivity must then be addressed such as the interplay between d-band and p-band positions or perhaps
even the total density of p-states and/or d-states under the fermi level, as these electronic structure
descriptors can directly inform models, for example, of adsorbate binding in interfacial catalysis, as was
shown by Ortiz-Rodriguez et al. for a series of chalcogen-substituted MogXs catalysts.®® To advance our

understanding regarding the interplay between composition, electronic structure (as detailed in Fig. 1.4),

A Chalcogen Substitution

More Electron-Withdrawing Less Electron-Withdrawing
Chalcogen Chalcogen
Electron Density

Ay

ﬁ

Increasing e
Density at Mo

@e @ J g Increasing Charge Transfer

from M to Cluster
: Decreasing M
€ j Electronegativity

Figure 1.4. (a) Electron density within the Mo core (solid blue spheres) of the CP structure can be
changed via implantation of increasingly electron-withdrawing (solid yellow spheres representing S)
or electron-donating (solid pink spheres representing Te) chalcogen species, thereby controlling the
formal Mog valence electron count which can range from 20-24 e for stable CP compositions,
depending on chalcogen and intercalant composition. In (a), solid spheres represent ionic radii of
Mo?*, S*, and Te? of 83 pm, 172 pm, and 207 pm, respectively. (b) lllustration that electron donation
from M into the binary MoeSs cluster can be directed by careful selection of metallic precursors. This
panel illustrates the phenomenon that charge-transfer to the cluster, specifically to the chalcogen cage
as is discussed further in Chapters 2 and 3, from the intercalant increases as the electronegativity
decreases (in this example electronegativity decreases from 4.48 eV for Cu in its neutral state to 2.42
eV for K in its neutral state®). All solid spheres in (b) represent Van der Waals radii similar to those
expected for each species in its elemental form, and the increase in the size of the transparent spheres
around S indicates an increase in electron density. In both (a) and (b) the size of transparent spheres
represents the relative amount of electron density around the atom compared to its analogue in the
structure to its right or left (i.e. more Mo electron density in the right structure of (a) than in the left).



local coordination, and electrocatalytic functionality in binary and ternary CPs, in Chapters 2 and 3 we
evaluate the effect of compositional modification in CPs on local Mo-X coordination and on frontier
electronic structure, observing the effects on catalytic CO2R reactivity in Chapter 3 and on HER in Chapter
4. To facilitate the conceptualization of composition effects on surface reactivity, CP electronic structure
and trends in intermediate adsorption will be framed in the context of electron localization (charge density)
which in part motivates language from Hard-Soft Acid Base (HSAB) theory. In line with this discussion of
how charge density affects local coordination and electronic structure, Fig 1.4b illustrates the phenomenon
confirmed by Liu et al*® in Chevrel-Phases where less electronegative and more polarizable (lower charge
density) intercalants like K are more likely to undergo full charge transfer (to form their monovalent cationic
species) to clusters in comparison to more electronegative and less polarizable (higher charge density)
intercalants like Cu which are less likely to undergo full charge transfer to clusters. This is represented in
Fig 1.4b by the smaller red species and larger purple species that are illustrative of the Van der Waals radii
of relatively electronegative Cu and relatively electropositive K intercalants (91 pm and 152 pm,
respectively). As discussed in Ref 46, this decrease in electronegativity results in increased charge transfer
from M to S, which scales well with trends in decreasing reduction potentials (e.g. 0.52 V vs SHE and -
2.92 V vs SHE for Cu and K, respectively), lower first ionization potentials | (e.g. 7.73 eV and 4.34 eV for
Cu and K, respectively), lower electron affinities A (e..g. 1.23 eV and 0.50 eV for Cu and K, respectively),
and lower absolute hardness values x (e.g. 3.25 eV and 1.92 eV, respectively).>! These parameters, along
the mulliken electronegativites y given by the relationship y = (1+A)/2 can serve as good preditors for the

tendency of an intercalant to donate electron density to a CP cluster.

X-Ray Absorption Spectroscopy

In this work we employ informative and element-specific spectroscopic techniques based on synchrotron
radiation wherein core-shell electron ejection events and the relaxation and scattering events that follow are
evaluated to form the basis of our understanding of the structural and electronic properties of materials.

Owing to the unique nuclear charge of any given element on the periodic table, core-level electrons of an



atom within any structure are bound with some quantized attracting force. This attractive force dictates the
energy required for an incident source of photons to eject electrons from within a shell of principle quantum
number n (n = 1,2, 3,..) to either the lowest unoccupied electronic state in the case of X-ray absorption
near-edge structure (XANES) analysis, or to the continuum in the case of extended X-ray absorption fine

structure (EXAFS) analysis, as depicted graphically in Fig. 1.5.
X-ray Photon
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Figure 1.5. Diagram of core-level electron ejection processes analyzed with XAS, including the origin
of pre-edge spectral signatures that arise due to mixing between metal and chalcogen frontier
orbitals, as is the case in many of the materials of interest in this work. Figure from Ref 52.

To extract structural information from EXAFS analysis, we leverage known photoelectron

scattering properties of neighboring atoms according to the EXAFS equation (eq. 1.4):

x(k)~S§E;N; % e'ZR/’l(k)e_Zkz"stin[ZkRj +8; (k)] (eq. 1.4)
j

to analyze the scattering distance to that nearest neighbor, its coordination number, and the degeneracy of
the scattering paths between absorbers and nearest neighbors. In this expression, k is the wavenumber, f(k)
is the scattering amplitude and (k) is the phase-shift which both depend on the atomic number Z of the
scattering species as well as the incident X-ray energy, R is the distance to the neighboring scatterer, N is
its coordination number, and o° is the mean-square disorder for the scattering distance. A(k) is the mean
free path of the ejected photoelectron, and Sy? is the amplitude reduction factor. Holistically this equation

can be used to model and predict constructive and destructive interference when the wavefunction of X-
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ray-generated photoelectrons overlaps with the wavefunction of nearest-neighbor electron wavefunctions—

thereby enabling element and local coordination-specific analysis within solid structures.

These complimentary XAS analysis techniques afford a slew of electronic and structural details for

53,54 orbital symmetry,® and electronic

molecules and extended structures alike, including oxidation state,
state population® in the case of XANES, as well as local coordination and nearest neighbor composition in
the case of EXAFS." %8 In Chapters 2 and 3, we explore the effect of binary and ternary composition within
the CP framework on the electronic make-up of constituent Mo and S species within the pseudo-molecular

networks of interest, and work toward developing chemically sound correlations to electrocatalytic

functionality that can be fed into iterative mechanisms for discovering novel functional materials.

Rapid Microwave-Assisted Solid-State Synthesis

The integration of microwave suscepting materials into conventional chambers that irradiate radiation at a
frequency around 2.45 GHz is quite common in the food industry and in household heating applications.
The mechanisms by which oscillating electromagnetic (EM) fields are converted into thermal energy
depend on the nature of the absorbing species, although traditionally, as is the case with most susceptor
materials, vibrational and/or rotational modes are excited by the rapidly oscillating incident EM fields to
induce an overall increase in the average kinetic energy of the system; in other words, generating a
temperature increase. One can alternatively introduce so called “high-temperature” susceptor materials that
mediate energy transfer from electromagnetic to thermal via Joule heating (i.e. “resistive” or “resistance”
heating). The efficiency with which a material can mediate this energy conversion depends on its electric
and magnetic permittivities €” and p’ (ability to store electric and magnetic energy) and its dielectric and
magnetic losses £” and p” (ability to convert electrical and magnetic energy to heat), and the heating power
in a susceptor-based resistive heating mechanism is directly proportional to the product of the material’s
electrical resistance R and the square of its electrical current I. In solid structures like graphitic carbon
where conjugated pi-electron networks predominate, electrons can easily flow within layers comprised of

interconnected sp?-hybridized carbon atoms, and impingement of an excitation source like microwave
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radiation is sufficient in encouraging Joule heating that can rapidly produce temperatures well in excess of
1000°C.> The rapid nature of this dissipation of thermal energy depends on both the heating induced by

both the electric and magnetic fields according to the expression:
Quw = mifeger|El* + mfuop, |H|? (eq. 1.5)

where Qmw is the heat generation per unit volume for a given material and the |E| and |H| terms represent
heating from the induced electric and magnetic fields, respectively.®® In short, through appropriate selection
of a susceptor with amenable dielectric properties for a given microwave frequency, coupling the susceptor
material to conventional microwave reactors represents a highly effective strategy for initiating bulk
nucleation of crystalline materials, as shown by successful synthesis of other multinary chalcogenides like
CuTizSs, FeS,, and Co0S,,*%as well as chalcopyrites like CulnS; and CulnSe,.®* ®2 The implementation of
this synthetic strategy, as depicted in Fig 1.6, is discussed for the materials synthesized in Chapters 2, 3,
and 4. This rapid high-temperature modality may serve as a strong driving force for increasing the
throughput with which we can synthesize and characterize novel catalyst compositions within material

families that have controllable thermodynamic stability.

Microwave-assisted [ £ i H=FxRxt
Solid-state Synthesis [f=E3IFI= 3 'E'§ ~'

390

22)8/l62)6 83

hv

Figure 1.6. Illustration of the microwave-assisted heating technique used to synthesize materials
throughout this work. Inset captures the commonly observed case where resistive heating is coupled
to heating from arcing phenomena wherein electrical charge jumps from solid structure to solid
structure.
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2. Chapter 2: Metal-Promoted MoeSs Clusters: A Platform for Probing
Ensemble Effects on the Electrochemical Conversion of CO; and CO to
Methanol

Abstract

Presented herein is an investigation of a promising ternary metal sulfide catalyst that is capable of
electrochemically converting CO; to liquid and gas fuels such as methanol and hydrogen. When promoted
by copper, an extended structure of Chevrel-phase M0gSs clusters is capable of reducing CO; and CO to
methanol in aqueous conditions with an overpotential of -0.4 V vs RHE. H- gas is simultaneously and
preferentially evolved during this process, contributing to total current densities as high as 35 mA/cm? at a
potential of -1.0V vs RHE. It has been observed that Cu:MosSs displays unique catalytic activity among
other Mo-based chalcogenides in terms of product selectivity, and we attribute this activity to molybdenum
sulfide cluster units based on the results of structural, electronic, and electroanalytical characterization.
Also discussed is the formulation of an interesting electronic structure-function correlation founded on the
basis of X-ray absorption spectroscopic analyses and corroborated by the results of electroanalytical
evaluation, where it has been observed that introduction of metal promoting species into the Chevrel-phase

framework encourages charge transfer into cluster chalcogen sites.

Introduction

Growing interest in the fields of energy conversion and storage involves developing materials and methods
that can facilitate production of liquid fuel products which can easily be incorporated into modern
petroleum-based infrastructures.™ 2 In certain difficult-to-decarbonize energy services such as long-distance
shipping, aviation, and production of materials like steel and cement—which combined contribute to over
9.2 Gt of CO; emissions per year—implementation of alternative energy sources based on hydrogen or
solar energy is infeasible owing to necessarily high gravimetric and volumetric energy densities.® However,

it is immediately apparent that continued production and subsequent combustion of fossil fuels may
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exacerbate detrimental anthropogenic effects on both public and environmental health. Hence it will be
desirable for future methods of fuel production to utilize abundant feedstocks such as solar energy and
water, as well as captured and/or atmospheric CO..® This will ensure that future energy cycles are
effectively carbon-neutral and based on converted renewable energy.* One potential route towards realizing
carbon-neutrality is electrochemical reduction of captured CO: to liquid fuels; this process will need to be
facilitated by an earth-abundant, selective and efficient catalyst material that is stable under aqueous, near-
neutral operating conditions.> Unfortunately, highly selective CO, and CO reduction to energy-dense
hydrocarbons and oxygenates in water remains a challenge for all known heterogeneous catalysts.®
Transition metal chalcogenides are capable of withstanding reductive potentials over wide pH
ranges,” and are among the best earth-abundant hydrogen evolution catalysts under extreme pH conditions.®
° Moreover, transition metal chalcogenide materials have been studied for decades, owing to their tunable
electronic, structural, and catalytic properties.'>** Chevrel-phase (CP) sulfides with formula MxMogSg (M
= transition metal, alkali metal, x = 0-4) have been the subject of much study due to their high-temperature
superconducting behavior as well as their reputation as the first functional multivalent battery cathode
materials.”>*" To the best of our knowledge, despite numerous studies evaluating their performance as
hydrodesulfurization, hydrogen evolution, oxygen reduction, and oxygen evolution catalysts, no
experimental work has elucidated the ability of Chevrel-phase materials to reduce CO,.% ' 82 The
chemical composition of catalytically active sites for small-molecule electroreduction is known to have a
direct effect on the adsorption strength of reaction intermediates, largely stemming from modulation of
electronic structure and subtle alterations in the geometry of binding sites.??* In the context of
heterogeneous catalyst surfaces, the former is known as the “ligand effect,” and often, changes to electronic
structure through compositional modification lead to accompanying effects associated with unique active-
site “ensembles,” wherein neighboring atoms at catalytically active binding sites afford unique coordination
interactions (Fig 2.1) for intermediate species with varying energetic favorability.?®?® In other words, the
presence of multiple elements at an active binding site can afford a distribution of diverse and distinctive
coordination environments for reaction intermediates—effectively allowing for independent variation of
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Figure 2.1. Hypothetical depiction of CO hydrogenation over a purely metallic surface (top),
compared to a “promoted” metal chalcogenide surface (bottom) where synergistic chalcogen (X=S,
Se, Te)(yellow) and intercalant (grey) inclusion at CO2RR active Mo sites (blue) can hypothetically
encourage a unique intermediate binding geometry. Simplified Coulombic stabilization is included
for clarity and is represented by the dashed line connecting partially negatively charged (O) and
partially/formally positively charged (M) species.

binding strength for preceding and succeeding adsorbates with relevance in a given catalytic reaction. These
phenomena are illustrated graphically in Fig. 2.1 where intermediate binding over a metallic surface is
compared to binding over a surface with a ternary active-site ensemble. Recent computational studies by
Liu et al suggest that CP sulfides may be promising candidates as selective catalysts for the formation of
methanol, both from CO, and from syngas (CO and H>).%* 2 Specifics of a potential reaction mechanism
are discussed later in this work, although it is noteworthy that key intermediate species in the CO2 reduction
reaction (COzRR) such as CO* and HCO* are thought to be stabilized at Mo binding sites by cationic
promoting species, while adjacent S atoms facilitate sequential hydrogenation toward an energy-dense
product.”® % Binding strengths to these two intermediates in particular are often key factors in the rate of
CO; reduction to liquid fuels; hence it is critical that materials which promote favorable binding are
investigated.®

In this work, the catalytic ability of the Cu.MogSs CP is reported to reduce both CO; and CO to
methanol without also producing a myriad of other CO2RR products, and a rationale for such behavior is

provided through interpretation of complimentary electronic and local structure analysis.
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Experimental Methods
Chemicals and Materials:

MoS; powder (99%, ~325 mesh), Cu powder (99.995%, ~100 mesh), Ni powder (99.8%, ~325 mesh), Cr
powder (99.85%, ~100 mesh), and Pt mesh (99.99%) were used as purchased from Alfa Aesar. Mo powder
(99.99%, ~100 mesh), Na,COs3 (99.999% trace metals basis), and NaHCO; (>99.5%) were used as
purchased from Sigma Aldrich. Na;COs electrolyte solutions were prepared with 18.2 MQ/cm water from
a Thermo-Fisher Barnstead E-pure® purification system and did not require any pre-electrolysis treatment.
Research-grade CO; (99.999%) and CO (99.999%) were used as purchased from Matheson Gas. Ag/AgCl
reference electrodes were purchased through ALS Japan. Selemion® anion exchange membrane was
purchased from AGC Engineering and stored in ultra-pure deionized water prior to use in electrochemical
experiments.

Catalyst Synthesis:

CP catalysts were prepared by a direct microwave assisted solid-state synthesis method adapted from
literature methods.?® To obtain the desired CP, an appropriate metal powder (e.g. Cu, Cr, Ni), Mo powder,
and MoS; powder were mixed under N, atmosphere in stoichiometric ratios to within +/- 0.0002 g of their
target masses, according to the reaction My + 2Mo + 4MoS;> MxMo0sSs to obtain 500 mg of precursor in
total (see Table 2.1 for corresponding reagent masses).

Table 2.1. Reagent masses used to obtain 500 mg precursor mixtures for microwave heating.

Composition Molar Mass (g/mol) | My Mass (g) Mo Mass (g) MoS; Mass (g)
Cr173M06Ss 922.181 0.0488 0.1040 0.3472
Ni>2Mo0gSs 949.614 0.0618 0.1010 0.3372
CuoMo0sSs 959.320 0.0662 0.1000 0.3337

Precursors were then ball-milled for 24 hrs under N, and pressed under 25 metric tons over a 20
mm surface area. Compressed powders were transferred to fused quartz tubes, and Al.O3 wool was tightly
packed above the pellet under +5.0 mbar partial pressure of N as shown in Fig. S2.1. This reaction vessel

was then transferred to a bath of ~325 mesh graphite powder in a conventional microwave that had been
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purged with Ar and irradiated with microwaves at a power of 1000 W for 10 minutes. In this process,
graphite acts as a microwave susceptor and radiates heat to generate reaction temperatures >900°C after
less than one minute of irradiation. After allowing full phase-conversion over the course of a 10 minute
reaction time, the quartz tube was removed from the graphite bath and immediately cooled in a room-
temperature water bath. In order to obtain bare M0osSs, Cu was chemically etched from a CuMogSs pellet
according to literature methods which involved bubbling O, gas into a 6.0 M HCI solution overnight.*® The
synthesized binary product was isolated from the leachate by vacuum filtration followed by 5 sequential
washes with ~10 mL of ultra-pure de-ionized (UPDI) water to ensure complete removal of residual acid
and CuCl® complex that was formed through the leaching process.
Structural and Electronic Characterization:
Crystal structures and phase purity of as-synthesized CPs were analyzed via powder X-ray diffraction
(PXRD) using a Bruker D8 Advance diffractometer with Cu K-alpha radiation (1.5406 A) as well as at
Stanford Synchrotron Radiation Lightsource (SSRL) beamline (BL) 2-1 (0.728068 A). PXRD experiments
at BL 2-1 were performed under He atmosphere with a 1.3 Tesla bend magnet and a Si (111)
monochromator giving an energy resolution (AE/E) of 5x10™. Powder pattern indexing (Fig. S2.2) and full-
patter refinement as shown in Fig. 2.2 was performed using the TOPAS analysis software by Bruker.
Catalyst morphology and composition were analyzed before and after electrolysis using an FEI
(Hillsboro, OR) 430 Nano Scanning Electron Microscope (SEM) and an FEI Scios DualBeam SEM with
an Oxford Energy Dispersive X-ray (EDX) detector, respectively. Further elemental analysis was
completed using a PHI Versaprobe 3 X-ray photoelectron spectrometer (XPS) to determine catalyst surface
composition and oxidation state before and after electrolysis. Additional structural and electronic
information was acquired through ex-situ XAS at SSRL beam lines 4-1 and 4-3 using hard and soft/tender
X-rays, respectively, in order to acquire X-ray Absorption Near-Edge Structures (XANES) and Extended

X-ray Absorption Fine Structure (EXAFS) information for Cu, Mo, and S.
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Figure 2.2. Fitted XRD patterns for MosSs (a), Cr173M0eSs (b), Ni2M0sSs (), and CuzMo0sSs (d),
showing difference (gray) between experimental data (black) and calculated curve (red). Insets are
provided for each panel to illustrate the characteristic asymmetry of the <101> peak at around 13.8°.
Extracted lattice parameters are given in Table S2.1 and compared to expected values.

X-ray Absorption Spectroscopy and Data Analysis:

Near-edge (XANES) and fine structure (EXAFS) information was collected SSRL BL 4-1 (molybdenum
K-edge and copper K-edge) and BL 4-3 (sulfur K-edge). All samples were collected at room temperature
(25°C). BL 4-1 operates with a 20 pole 2.0-Tesla wiggler station and uses a liquid N2-cooled double-crystal
Si (220) monochromator giving an energy resolution (AE/E) of 1x10™ and flux of 2x10'. BL 4-3
monochromator uses the Si (111) giving similar resolution and flux. Samples were collected in fluorescence

and transmission with foil standards (Mo and Cu) collected simultaneously for calibration, while sodium
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thiosulfate was measured separately as a calibration standard for sulfur K-edge measurements. Data was
calibrated for energy by comparing the first derivative of sample spectrum with that of the respective
elemental reference. Scans were performed in triplicate and merged to reduce noise at high k values.
Processing was done using Athena and AUTOBK algorithm under the Demeter package.®* EXAFS
modeling (Mo K and Cu K-edge) was done using Artemis in the Demeter package. Theoretical EXAFS
was calculated based on previous refinement for Cu,MoeSs from literature.*** Mo K-edge data was fit in
R-space using Hanning window and multiple k-weight (1, 2, and 3) using a reciprocal space range of 2.0
A1 —125 A and a real space range of 1.0 A — 3.2 A. The scattering paths were calculated using feff 6.*
Dominant scattering paths for the Mo K-edge data, Mo — S (4 paths), Mo — Mo (4 paths), and Mo — Cu (2
paths) were fit using a single energy parameter (Eo), a passive reduction factor (S¢?) set to 0.83 for Mo K
found by fitting the Mo foil standard, bond length shift parameters (drS1, drS2, drMol, drCul), and Debye-
Waller thermal parameter (ssS, ssMo, and ssCu) giving a total of 8 parameters in the fit. The un-promoted
MoeSg CP was fit with the same scheme without Cu scattering paths. The Cu K-edge data was fit using the
data range of 2.0 A -1 —-12.0 A -1 in k space and 1.3 A — 4.2 A in real space. No Cu-Cu scattering paths
appeared to contribute significantly to the EXAFS signal and therefore only Cu — S (2 paths), and Cu — Mo
(4 paths) were given parameters of Eg, drS1, drS2, drMol, ssS, and ssMo. The passive reduction factor (S¢?)
was set to 0.82, found by fitting the Cu foil standard. Theoretical XANES were calculated with Feff9.05

using full multiple scattering.®*

Electrode Preparation and Electrochemical Analysis:

Electrodes in all catalysis studies presented here were comprised of as-synthesized CP pellets in the case
of metal-promoted Cr, Ni, and Cu CPs, while un-promoted MogSg was deposited on conductive carbon
paper using a PTFE binder to improve structural integrity. CP samples were integrated as working
electrodes into a custom three-electrode cell as shown in Fig. S2.3 where the working and counter electrode
compartments were separated by a Selemion® anion-exchange membrane. The working, reference
(Ag/AgCl), and counter (Pt mesh) electrodes were submerged in 0.1 M Na>COs solution that had been

sparged with ultra-pure CO; for 1 hr—this long purge time ensure complete removal of O, and N, from the
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electrolyte as well as the cell headspace. This CO; sparging process simultaneously shifted the electrolyte
to a near-neutral pH as shown in Fig. S2.4, while experiments utilizing CO as the target molecule required
a 0.1 M NaHCQO;s electrolyte in order to maintain near-neutral pH. As a result of the water-gas shift reaction
which causes continual loss of CO, and resultant equilibria shifting toward CO3?* the pH of CO-saturated
NaHCO; electrolyte increased over the course of bulk electrolysis, as shown in Fig. S2.5, although the final
pH was still less than 8.5 after electrolysis in all cases, therefore no additional adjustments were made to
maintain near-neutral pH. Magnetic stirring was implemented to ensure homogenization of the electrolyte
throughout the course of reaction and to mitigate issues associated with CO, mass transport. All
electrochemical experiments were carried out using a Bio-Logic VSP-300 multichannel potentiostat and

potentials were converted to RHE scale using Eq. 2.1.

Erne = Eagiagen + 0.195 + 0.059 x pH (Eq. 2.1)

Electrochemical activity was evaluated potentiostatically via linear sweep voltammetry under N, and under
CO; atmosphere as shown in Fig. S2.6 as well as by controlled-potential electrolysis (CPE) at fixed
potentials with 50 coulombs of charge passing through the system in all electrolysis experiments.
Chronoamperometry experiments performed under CO, and CO atmosphere were repeated under N3
atmosphere to ensure electrolyte reduction was not the source of product formation. Further, catalyst
stability was determined via open circuit voltammetry for 12 hrs under CO; atmosphere where Nuclear
Magnetic Resonance (NMR) product quantification was performed before and after each experiment to

ensure catalyst degradation does not contribute to observed product distributions, as is discussed later.

Product Analysis:

To detect liquid products of CPE experiments, electrolyte aliquots were analyzed using a 400 MHz Bruker
NMR spectrometer using a water pre-saturation program with a DMF internal standard and D0 as the lock
target (see Fig. S2.7 for a full NMR spectrum that details the result of water suppression). Faradaic

efficiencies for liquid products was calculated according to Eq. 2.2.
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FE(%) = "QF v (Eq. 2.2)
tot

where n = # of electrons transferred per product molecule
F = Faraday’s constant

C = Product concentration in electrolyte solution

V = Volume of electrolyte solution

Qut = Total charge passed

For the detection of gas-phase products such as H, and CO, methane and ethylene, gas chromatography
with thermal conductivity detection (GC-TCD) was implemented as is illustrated in Fig. S2.8 with a
Thermo-Fisher GC equipped with a Carboxen® 1010 Porous Layer Open Tubular (PLOT) fused silica
column (30m x 0.53mm x 10um), with helium as a reference and carrier gas. Faradaic efficiencies for gas-

phase products were calculated according to Eq. 2.3.

nFXV;
VinQtot

FE(%) = (Eq. 2.3)

where n = # of electrons transferred per product molecule
F = Faraday’s constant
X = Mole fraction of product gas in cell headspace
Vi = Volume of headspace injected
Vm = Molar volume of gas at ambient conditions
ot = Total charge passed
Aliquots of cell headspace were collected in a gas-tight syringe following each CPE experiment
and were manually injected into the GC immediately upon completion of the experiment in order to quantify

gas with minimal opportunity for product loss over time.
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Multiple trials were performed at each applied potential and for each target molecule investigated
in order to reveal the reproducibility of product formation over the catalysts studied and all plotted
numerical data related to electrochemical activity and efficiency are plotted with corresponding error bars
that reflect a single standard deviation. Faradaic efficiencies as plotted in Fig. S2.9 were calculated after at
least three trials at each potential according to Eq. 2.2 and Eq. 2.3, depending on the physical state of the

product.

Computational Details:
Periodic density functional theory (DFT) calculations were performed using the Vienna ab-initio simulation
package (VASP) with the PBE functional (planewave cutoff = 520 eV, k-points = (5,5,5), force threshold
=0.03 eV/A, Gaussian smearing width = 0.05 eV). Initial unit cell optimization (planewave cutoff = 700
eV) yields a=6.48 A and a = 91.18°, in agreement with experimental measurements. Density of states was
obtained using the hybrid HSEQ6 functional.

Binding energy calculations illustrated in Fig. S2.10 and Fig. S2.11 were performed using a 1x1x2
slab model of the un-promoted (formula (MoeSs)2) and Cu-Chevrel phase (formula (Cuz:Mo06Ss)2) for the
stable [100] facets. A 3x3x1 K-point sampling was used according to the Monkhorst-Pack scheme. Multiple

potential CO binding configurations were explored for Mo, Cu, and S sites in the structure.

Results and Discussion
Synthesis:

The rapid, microwave-assisted solid-state synthetic method implemented in this work has proven capable
of yielding highly phase-pure polycrystalline CP materials, including NizMogSs, Cr173M06Ss, and
CuzMo6Ss. In order to observe changes to local and electronic structure with and without a ternary metal
promoter atom, the un-promoted MosSg CP was also synthesized according to a chemical etching process

described in the experimental section. Catalyst morphology can be seen for Cu,Mo¢Ss in Fig. 2.3, while
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Figure 2.3. Computationally confirmed interaction between CO and a ternary CP active site
ensemble (a). This illustrates that preferential binding of CO on a Cu:Mo0sSg CP surface occurs at
Mo (blue) active sites, while the proximity of Cu (brown) to S sites (yellow) encourages promoter-to-
chalcogen charge transfer. Scanning electron micrograph detailing the faceted morphology of
polycrystalline Cu;MogSs (b).

composition can be observed in the EDX scans shown in Fig. 2.4. Pawley refinement of synchrotron PXRD
information has yielded lattice parameters of a=b=9.6328 A, ¢=10.2229 A with a unit cell volume of
821.502 A?® for the CuMosSs CP of interest in this study. These values are all in close agreement with

literature values for the R-3H unit cell.® 3 Results of XRD analysis are shown in Table S2.1.

Local and Electronic Structure:

CuzMo6Sg and MogSs CPs were analyzed at the Mo K-edge (20KeV), Cu K-edge (8.9KeV), and S K-edge
(2.4KeV) XANES in order to elucidate spectral transitions that yield valuable information regarding
frontier orbital population, oxidation state, coordination geometry, as well as charge transfer between
species that constitute catalyst active site ensembles. Fig. 2.5 shows normalized pu(E) in the K-edge XANES
regions for Mo, Cu, and S. Fig. 2.5a shows the Cu K-edge spectra for Cu,MogSs, with a Cu® foil for
reference. By measuring the position of the most intense peak in the 1st derivative (inflection point) of the
spectra compared to the reference foil, we see that the Cu K-edge in Cu,Mo0¢Ss is shifted 2.5 eV higher than
the reference. This indicates an oxidized Cu species in Cu;Mo0sSs as has been previously determined in
literature®® *° as well as confirmed in this study by XPS analysis as shown in Fig. 2.6. Mo K-edge data is

displayed in Fig. 2.5b for MosSs and Cu,MosSs along with a Mo foil for reference. The spectra show near
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At%
Cu=0.0
Mo = 55.2*
S =44.8*

Figure 2.4. EDX spectra for Cu;MogSs (a), and MoSs (b) indicating that copper has been removed
from the bulk Cu2MoeSs structure upon chemical etching. Signal at ~1 keV represents the Cu L edge,
and is unlabeled because it was not required for quantification. Label for oxygen was included to
illustrate lack of bulk oxidation in the samples.

*Mo L and S K edge overlap convolute quantitative determination of Mo and S, hence reported At% are

only accurate for Cu.

overlap at the edge jump between Cu;Mo0sSg and MogSs (~A1 eV), indicating a negligible change in Mo

oxidation state when Cu is introduced to the structure. Fig. 2.5¢ shows the S K-edge data for Cu:Mo0sSs and
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Figure 2.5. K-edge XANES for Cu in Cu;MogSs with a Cu® foil for reference (a), K-edge XANES for
Mo in CuzMo06Ss and MosSs, with a Ma® foil for reference (b), and K-edge XANES for S in CuzM0¢Ss
and MosSs (€). A reference scan using NazS;0s is shown in Fig. S2.12 of the SI.

MoeSg; a scan for the Na,S,O3 reference can be seen in Fig. S2.3. There are clear changes to the S electronic
structure due to incorporation of the Cu promoter, as will be discussed further later.

After multiple scans of the EXAFS region for all elemental components of Cu>MosSs and un-
promoted MosSs it has been determined that all observed bond lengths are similar to expected values based
upon the unit cells as described by the CIF file for each structure which includes its structural parameters.
Furthermore, these established values are within the uncertainties of the EXAFS fits. EXAFS information
and theoretical fittings plotted in magnitude and real space for Mo and Cu are shown in Fig. 2.7(a-d) where
we observe qualitatively different local Mo coordination when promoting species are present compared to
un-promoted MoeSg. Quantitative bond length information extracted from the EXAFS analysis shown in

Fig. 2.7 is discussed in detail below.

Catalyst Evaluation:

Cu2MosSg was tested in neutral-pH controlled-potential electrolysis experiments with CO dissolved in
solution under applied potentials ranging from -1.0 V vs the reversible hydrogen electrode (RHE) to -0.4 V
vs RHE, as maximum COzRR efficiency occurred within this potential window. We have confirmed that
in this potential window, only two liquid-phase CO- reduction products are formed after electrolysis;
namely, formate and methanol. Proton nuclear magnetic resonance (NMR) spectra for these CO:RR

products after electrolysis at -1.0 V vs RHE are given in Fig. 2.8(a,d).

29



3d5

—

2p3 (

—

2p1

3d3

CuO Satellite ¢,

Relative Counts/Second Q)
Relative Counts/Second O

%

955 950 945 940 935 930 236 234 232 230 228 226 224
Binding Energy (eV) Binding Energy (eV)
(C)_ 2p3
°

2p1

Relative Counts/Secon

" 172 168 164 160 156
Binding Energy (eV)

Figure 2.6. High-resolution XPS spectra for Cu (a), Mo (b), and S (c) before electrolysis (black) which
are in reasonable agreement with expected oxidation states in Cu;MoeSs of +1, +2.33, and -2,
respectively, and after electrolysis (red) which indicates slight oxidation of Cu and Mo as a result of
exposure to moisture and oxygen following electrolysis. It is not expected that either species is
oxidized during electrolysis. Values were determined using the Perkin-Elmer handbook of XPS.

When the target molecule was changed from CO to CO in a 0.1 M NaHCOs solution, an NMR
signal for formate was no longer observed, but the signal for methanol remained. This is evidence that the
undesirable formate pathway was entirely suppressed upon removal of CO, from the electrochemical cell.
This observation is consistent with multiple accounts from literature that report a general lack of formate
production when CO is implemented as a reduction feedstock, likely due to the impracticality of switching
adsorbate-electrode coordination from C to O, as well as the required insertion of an additional oxygen
atom.* Fig. 2.8(b,e) details this result by providing the insets required to visualize formate and methanol
production or lack thereof when the electrochemical cell was purged with CO prior to electrolysis. To
confirm that observed product formation in this study was the result of CO2 or CO reduction and not

electrolyte interactions, N2 was purged into a near-neutral pH, 0.1 M NaHCOs solution and controlled
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Figure 2.7. Processed EXAFS information plotted in magnitude and in real space for Cu in Cu:M0sSs
(), Mo in MosSs (b), Mo in Cu;Mo6Ss (c), and for Mo in CuzMosSg overlaid with Mo in MosSs to
compare Mo-S and Mo-Mo signals (d). Qualitative differences in local Mo coordination as presented
here are discussed quantitatively in the results and discussion sections.

potential electrolysis was again performed at -1.0 V vs RHE. Notably, during these N control experiments,
neither formate nor methanol was observed, as shown in Fig. 2.8(c,f).

As seen in Fig. 2.9, it was found that reductive current was dominated by hydrogen evolution. This
is evidenced by large geometric current densities for hydrogen evolution compared to those for CO2RR
products. It is worth noting however, that no systematic attempts were made to minimize hydrogen
evolution on these CP catalysts through modifications to operating conditions (e.g. ionic liquid electrolyte,*
gas-diffusion methodologies®) or electrochemical cell constructs. In addition to inhibition of the parasitic
formate pathway when CO; is not present in solution, we see in Fig. S2.9 a general trend that faradaic
efficiencies for methanol conversion from CO increase relative to those from CO; at the same potentials.

That is, despite lower solubility in water than CO,, CO is more efficiently converted to methanol on the
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Figure 2.8. NMR signals for formate at 8.45 ppm (a)-(c) and for methanol at 3.36 ppm (d)-(e) detected
after electrolysis under CO; (a),(d), CO (b), (e), and N2 (c),(f). Signals at 3.00 ppm and 7.92 ppm both
correspond to the internal standard, N,N-dimethylformamide. All displayed NMR spectra are the
result of electrolysis at -1.0 V vs RHE in either 0.1M Na,CO; purged with CO; or N2 or 0.1M NaHCO;
purged with CO.

CuzMoeSg surface although geometric current densities are not entirely dissimilar between CO; and CO

reduction, indicative that hydrogen evolution remains the predominant reaction over these surfaces.

It was observed that Cu;Mo0eSs maintained its electrocatalytic performance over the course of
multiple hours of electrolysis, even at the most negative potentials applied. This is evident in Fig. S2.6 by
the stability of the reductive current over time. Further, catalyst stability is evidenced by high-resolution
XPS spectra presented in Fig 2.6 and Fig. S2.14 which indicate no significant changes to the catalyst surface
aside from slight oxidation following exposure to moisture and oxygen after the completion of
chronoamperometry experiments, illustrated by the evolution of a Mo®* signal in Fig. S2.14. Fig. S2.15
also shows survey scans of the catalyst surface before and after electrolysis which indicate no plating of
foreign metals that could yield false positives of product formation. Lastly, to confirm product formation
was not the result of chemical degradation, NMR and GC-TCD analyses were completed on a CO-purged

Na,COs electrolyte after CuzMosSg was left in solution at open circuit for 12 hours. Shown in Fig. 2.10, no
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Figure 2.9. Potential-dependent geometric current density after electrolysis for CO; reduction
products (a), for hydrogen evolution under CO; headspace (b), for CO reduction products (c), and
for hydrogen evolution under CO headspace (d). Experiments for (a) and (b) were carried out in a
pH 6.8 electrolyte where 0.1 M Na;CO; was purged for 1 hr with CO,, while experiments for (c) and
(d) were carried out in pH 6.8 electrolyte where 0.1 M NaHCO; was purged for 1 hr with CO. Current
densities were calculated using the product of the Faradaic efficiency (Fig. S2.9) and the steady-state
geometric current density (Fig S2.13) during electrolysis at each potential, and standard deviations
are shown. Note that connecting lines are included to aid in the visualization of partial current density
trends, although these plots represent a collection of discrete fixed-potential experiments at -0.4 V, -
0.6V, -0.8V, and -1.0V. Representative CPE data can be found in Fig. S2.13.

products were detected after this experiment. Furthermore, H,S production which would indicate surface
degradation during electrolysis was monitored via GC-MS. As shown in Fig. S2.16, no H,S production
(m/z = 34) was observed. H,S was also un-detected qualitatively.

Local Coordination and Electronic Structure:

CPs have a general structure that includes Mos octahedral clusters surrounded by cubes of Sg, where S

atoms lie at each face of the Mog octahedra as depicted in Fig. 2.11. These metal-sulfide units extend in a
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Figure 2.10. Plot of the open circuit potential over time with Cu;MoeSs as a working electrode in 0.1
M Na,COs3, purged with CO; to achieve neutral pH (a); NMR spectrum showing absence of methanol
production, with a DMF standard signal at 3.00 ppm (b); NMR spectrum showing absence of formate
production, with a DMF standard signal at 7.92 ppm (c).

three-dimensional network to form a hexagonal lattice structure. MogSs clusters in CPs are tilted in
alignment along the ternary axis, with axial S atoms that connect MogSg units together in offset chains
through relatively short Mo — S bonds. This gives each Mo atom in the bulk network a square pyramidal
pseudo-coordination, while Mo atoms exposed on the surface are relatively under-coordinated and exhibit
square planar pseudo-coordination.’® ***! Furthermore, as a result of this arrangement, large cavities exist
between cluster units that are well-suited for occupation by various promoter cations of interest.

The absence of pre-edge features in the Mo K-edge XANES data shown in Fig. 2.5b, a signature
of s = d-orbital transitions, suggested that the d-orbitals are fully occupied and/or there is little to no orbital
mixing between p and d orbitals which indicates octahedral symmetry. The minimal shift in absorption
onset and lack of alteration in the features of the near-edge spectra for Cu;M0sSs and MoeSs indicate
insignificant change in the electronic structure of the Mo species.”” Mo K-edge EXAFS signals and
modeling for MosSs and Cu,MogSs indicate a dramatic difference in local Mo coordination after Cu
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Figure 2.11. Density of states for MosSs () and Cu,MosSs (b) calculated using the HSEO6 functional.
A noticeable DOS increase at more negative energies indicates charge transfer to the S atoms as
evidenced by XAS. The grey region shows the d10 electronic configuration of Cu(l). Respective
structures are represented above where Mo are blue spheres, S are yellow spheres, and Cu are red
spheres. Further confirmation of charge transfer to S atoms can be seen in Fig. S2.17 which shows
the result of Bader charge analysis.

incorporation. The MosSg has a lone peak (Fig. 2.7b) centered around 2.0 A that originates from Mo — S

o
(X

nearest-neighbor scatterers with an additional small shoulder feature near 2.5 A. The diminished peak
results from a shift in the Mo — S bond distances with axial Mo — S distances increasing to 2.57 A. Upon
Cu incorporation, Mo — Mo bond distances contract towards uniform distances (2.67 A and 2.73 A) and
constructively interfere to form a new peak. Fitting parameters are included in Table S2.2-S2.4, while
aforementioned bond lengths for dominant/degenerate scatterers are shown in Table S2.5. The fitted bond
lengths support small shifts in scattering distances that correlate between the Mo K-edge and Cu K-edge
EXAFS modelling in Cu:Mo0eSs. These results match closely with those corresponding to a series of
magnesiated MgxMosSs compounds that was recently published.*® This previous work by Prendergast et al

showed that charge compensation during the introduction of an electron donating species actually proceeds
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through chalcogen atoms—this phenomenon is intriguing because charge compensation during
intercalation usually results in monotonic oxidation of transition metal species, although in this case the
delocalized electronic nature of the Mog cluster creates low-lying d-orbitals in CPs hence such behavior
was not observed for the CP sulfides studied here.***®

The MoeSs cluster is deficient by four electrons and is metastable, requiring donation of at least
two additional electrons in order for an extended structure to be directly synthesized.*” The oxidation state
of Cu in Cu,MoeSs was verified as Cu (l) in earlier studies of the phase, and XPS results (Fig. 2.6) closely
match those of Cu,S.*> *® Hence, incorporation of Cu, into MosSg induces the donation of two electrons,
serving the dual purpose of rendering the framework thermodynamically stable while simultaneously filling
available S 3p orbitals and thereby raising the potential reactivity of the S p-band®® toward stabilizing
bridging hydride intermediates that can facilitate hydrogenation steps in the CO;R and COR pathways.*® %’
This filling of the S p-orbitals can clearly be seen in the S K-edge comparison at 2471eV between Cu,MogSs
and MosSg in Fig. 2.5c, and is further exemplified graphically in the partial density of states (PDOS)
calculations shown in Fig. 2.11b where a clear increase in S 3p PDOS at more negative energies indicates
that charge is in fact transferred to S atoms in the structure upon ternary metal incorporation.

X-Ray absorption by S will cause core electrons to excite from 1s — 3p orbitals that mix to some
degree with Mo 4d orbitals, giving rise to a small pre-edge shoulder that can be clearly seen in the S K-
edge XANES spectra at approximately 2471 eV in Fig. 2.5c. As Cu donates electrons to the metal-sulfide
cluster, these S orbitals are filled and the pre-edge feature diminishes in magnitude.** The feature also
appears to sharpen, as fewer transitions are left available for core S electrons. Interestingly, the
aforementioned MgxMoeSs study shows experimental data that indicates a completely masked pre-edge
shoulder for Mg2MosSs S K-edge XANES.* This is because two Mg atoms would donate a total of four
electrons, completing the ideal electron configuration of MoeSg and eliminating available pre-edge
transitions.**** In contrast, Cu,MosSs only yields two donated electrons (from two Cu*), hence the shoulder

feature is still present and available S 3p orbitals are not completely filled.
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To interpret the observed reactivity of CP sulfides in this work, we correlate potentially increased

reactivity of the chalcogen species to this filling of 3p orbitals, as shown in the PDOS included in Fig.

2.11b. Itis hypothesized that CO hydrogenation will be the rate-limiting step in the COzRR to liquid fuels,

hence surmounting the energy barrier associated with this step will rely strongly on the ability of the catalyst

to facilitate hydrogenation. Thus, increasing the population of the S p states should increase the reactivity

of the chalcogen atoms that are thought to play a key role in hydrogenation, as it is thought that H* is

stabilized at Mo-S bridging sites in close enough proximity to CH,O* to facilitate hydrogenation kinetics

in the CO,R and COR pathways.? 2’
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Figure 2.12. NMR spectra showing production of formate (8.45 ppm) (a) and methanol (3.36 ppm)
(b) on Cry73M06Ss as well as formate (8.45 ppm) (c) and methanol (3.36 ppm) (d) on Ni-Mo0sSs. Both
formate and methanol were produced in significant quantities over Ni2MogSs, while methanol was
only produced in trace levels over Cri173sM06Ss while formate was the dominant CO;RR liquid
product. Raw data from CPE experiments for these phases is included in Fig. S2.18
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Effect of Active Site Ensemble on Reactivity:
We observed that the Cu,MogSs can reduce CO, to methanol in aqueous electrolyte at low overpotentials
and with only formate production as a competing CO2RR pathway. Such activity is unique to this particular
sulfide catalyst, as no known metal chalcogenides produce methanol in aqueous electrolyte. Interestingly,
while copper is one of few transition metals known to reduce CO; to methanol (although methane is the
preferred C; fuel product over copper surfaces),**! it is not believed that its presence in Cu,MoeSs is the
source of observed catalytic activity. Rather, it is thought that copper merely acts as an electron donor to
the catalytically active MogSs cluster, rendering the cluster electronically stable and allowing for a direct,
high-temperature synthesis of a ternary active-site ensemble similar to the one illustrated in the bottom
panel of Fig. 2.1.%" In fact, we were able to compute CO binding affinity at Cu sites in the extended structure
as being -0.91eV, which is more likely to result in dissociation than prolonged residence on Cu sites for
further electroreduction. In contrast, binding energies for CO at Mo sites in CuzM0sSs and MogSg are much
stronger at -1.61eV and -1.50eV, respectively. Additional support for this assertion that copper species do
not contribute to observed product formation can be found in Fig. 2.12, where NMR spectra indicate the
production of formate and methanol during controlled potential electrolysis of Ni2MogSs and Cri173M06Ss
(see Fig. S2.19 for corresponding PXRD patterns for these CPs) at -0.8 V vs RHE. Lastly,
chronoamperometry was performed for un-promoted MosSs to obtain a baseline for CO> reduction activity,
as shown in Fig. 2.13, where methanol is produced at -0.8V vs RHE only when catalyst is present on the
carbon paper. It has yet to be determined quantitatively whether the identity and stoichiometry of the metal
promoter in a CP lattice has a significant effect on activity or selectivity, although such a phenomenon has
been predicted by Liu et al.?®

Although faradaic yields to CO2RR products are low as a result of competing hydrogen evolution
and mass transport limitations, methanol production efficiency as much as doubled at some potentials when
CO was introduced as the target for reduction (Fig. S2.9). This is a strong indicator that the pathway for
methanol production on CP catalysts does proceed via CO hydrogenation as expected, and further indicates
either that the interaction between CO, and the MogSg units is weaker than between CO and MosSs, or that
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Figure 2.13. 'H NMR spectra showing signals for methanol at 3.36ppm before electrolysis over a
MoeSs@C working electrode (a) after electrolysis at 50 coulombs over the same MosSs@C electrode
(b), before electrolysis of PFTE@C working electrode (c), and after electrolysis at 50 coulombs over
the same PTFE@C working electrode (d). Experiments were performed in CO;-saturated 0.1M
Na,COs electrolyte at -0.8V vs RHE. We observe the evolution of a signal for methanol only when
MosSs is present on the electrode, indicating that the intrinsic activity of MoSg yields methanol from
CO; in aqueous environments. The same experiments also yield formate when MogSs is present,
where observed faradaic efficiencies for methanol and formate are 0.09% and 0.05%b, respectively.

non-polar and sparingly soluble CO, does not readily diffuse to the polarized electrode/electrolyte interface
during electrolysis—either (or both) situation may be the case.

The CuzMoeSg catalyst investigated here displays among the lowest reported overpotentials for
electrochemical methanol production in aqueous media.>> Based upon the results of this work, it is
hypothesized that CP sulfides promote a reaction pathway that involves CO hydrogenation to methanol,
and in order to reach the CO* intermediate of the CO2RR, it has been calculated that an associative
mechanism occurs which involves the formation of an HOCO* intermediate as shown in Fig. 2.14, followed

by an H,O*CO™* intermediate. Formation of water through the reverse water-gas shift reaction may improve
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Figure 2.14. Proposed reaction pathway over a simplified CP surface for the carbophilic reduction of
CO; to methanol (highlighted in green), with as well as the competitive oxophilic reaction pathway
leading to formate (highlighted in red).

the energetics associated with a C=0 cleavage that is inevitably required for methanol production from
CO:a. This hypothesis seems reasonable, as the Mo d-band center is relatively low-lying with respect to the
Fermi level, and is therefore not prone to directly break a C=0 bond;?* %’ the PDOS results presented here
for MosSg and Cu;Mo0sSg also support this Mo d-band positioning which can also be seen in Fig. 2.11. This
hypothesis is supported by the production of methanol rather than methane by CuzMo0eSs in CO2 and CO

saturated solutions.

Kinetic Limitations:

It is widely acknowledged that competitive hydrogen evolution often contributes to low overall current
efficiencies for the CO2RR in aqueous electrolytes. Hydrogen evolution in the electrolysis experiments
presented here was vigorous enough that nucleation and de-nucleation of H, gas may have induced mass-
transport difficulties during electrolysis, as the CO; target molecule—with intrinsically low solubility in
water of ~35 mM for a saturated solution at 1 atm—may have been unable to diffuse to the electrode-
electrolyte interface against such intense gas evolution. To confirm such an assertion, further
experimentation utilizing a rotating disk electrode or vapor-fed cell architecture may be required. It is also
postulated that a Butler-Volmer trend for product formation was not observed in this study as a result of
large currents for competitive hydrogen evolution at more negative applied potentials. This may explain

the decrease in Faradaic efficiency for both formate and methanol at more negative potentials.
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To further confound the electrochemical reduction of CO- to methanol, production of methanol on
a CP catalyst likely proceeds through the previously discussed CO hydrogenation pathway in multiple steps.
The suspected rate-limiting CO hydrogenation step is likely to involve a large activation energy barrier
owing to the high transition state energy required to yield the HCO* intermediate.”® 2 While extensive
intermediate studies have yet to be performed for Cu.MoeSs, the relatively significant increase in FE
towards methanol production when the target CO, molecule was replaced by CO suggests that the reaction
does proceed via CO hydrogenation, and that the reaction rate is inherently limited by weak adsorption
interactions between catalyst active sites and CO,. Moreover, we believe that the simultaneous production
of formate over CP surfaces when CO; is the target molecule for reduction is the result of insufficient
stabilization of the HOCO™* intermediate (predicted by theory) relative to the HCOO* intermediate that
follows proton-coupled electron-transfer to CO,*.%%

To increase faradaic yields for CO2RR products compared with the HER, implementation of an
electrolyte cation with a greater specific adsorptivity to the electrode surface may serve to tune the electric
potential at the outer Helmholtz plane such that proton migration may be suppressed and partially negative
atoms within CO;RR intermediate species may be further stabilized.** ** Additionally, implementation of a
gas-diffusion electrode architecture could mitigate proton reduction by operating the cathode in a CO;

membrane electrode assembly (MEA) configuration that negates the need for an aqueous electrolyte.

Conclusions

Using local probe ex-situ XAS, we have observed tuning of the S electronic structure of MogSs, potentially
towards stronger activity for CO hydrogenation. We have also shown through DFT bonding analysis that
metal promotion in CP frameworks leads directly to modular stabilization of reaction intermediates such as
CO as evidenced by milder binding of CO to Mo active sites in Cu2M0eSs than in MosSs, ostensibly through
synergistic interactions that include coulombic stabilization by ternary active-site ensembles. This idea has
been emphasized in theoretical work by Liu et al. for CP systems, and we now have experimental evidence

that these hypotheses are valid.
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We have demonstrated that Cu;MoeSs, although previously unexplored as a CO; reduction
electrocatalyst, is capable of producing methanol—albeit at low partial current densities and low overall
efficiency relative to hydrogen evolution. However, this reactivity was observed in aqueous electrolyte, at
low overpotentials, and with a unique degree of selectivity relative to many existing electrocatalysts.* 52 %
Only two liquid-phase CO; reduction products, formate and methanol, were formed during electrolysis on
the investigated catalysts. Further, the competing formate pathway was successfully suppressed by the
alternative implementation of a CO target molecule, which yielded methanol as the lone liquid-phase
product.

It will be of significant fundamental value to incorporate advanced spectroscopic analyses that
allow for identification of adsorbed reaction intermediates as a function of applied potential. This avenue
of future exploration, in tandem with an operando investigation of catalyst surfaces, will allow for reliable
determination and rationalization of CO; and CO reduction mechanisms. Promising operando techniques
such as grazing incidence XAS and XPS will yield necessary mechanistic information by elucidating
changes to active-site local coordination and electronic configuration upon application of an applied
potential and while in the presence of reduction target molecules dissolved in electrolyte. 5’

Future work is still required to establish the mechanism by which the investigated Chevrel-phase
material reduces CO; to methanol. This knowledge will necessarily lead to an increased understanding of
the role of active site multifunctionality on reaction efficiency, as many state-of-the art CO2R catalysts have
shown CO2R selectivity to formate exceeding 80%° ** and to CO exceeding 95%*, although similar
selectivity to methanol over heterogeneous catalysts has yet to be achieved in agueous conditions without
additives and irradiation. To develop a catalyst system whose tunable local and electronic structure can
affect reactivity and selectivity could be a significant step forward in developing fundamental knowledge
in energy conversion and storage research. The unique reactivity displayed by this metal-promoted MogSs

catalyst family warrants detailed investigation into the precise role of metal promotion in encouraging

desirable reaction trajectories over promising energy-conversion catalysts. Hence, future work will
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elucidate the effect of tunable metal promotion on electronic structure of catalytically active sites such that
control over reaction kinetics may be achieved.
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data, control experiment results, GC-MS analysis, GC-TCD analysis, NMR analysis, proposed reaction
mechanism, Bader charge analysis results, electrolyte pH experimental results, modeled CO binding

geometries, EXAFS and XANES discussion and fitting parameters.
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(b)

ALUMINA WOOL -
QUARTZ TUBE —
GRAPHITE POWDER
ALUMINA CRUCIBLE
CP PELLET

Figure S2.1. Diagram showing experimental set-up for microwave-assisted synthesis
method (a) and Crystal structure for Cu;MogSs (b) where Cu = red spheres”, Mo = blue
spheres, and S = yellow spheres.
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Figure S2.2. Indexed PXRD pattern for as-synthesized Cu:MosSs (red) overlaid with pattern
expected from literature (black).
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Figure S2.3. Images depicting a custom-blown H-cell configured electrolysis cell with working,
reference, and counter electrodes sealed under CO; by precision seal rubber septa (a) and a piece of
as-synthesized CP prior to electrolysis (b).
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Figure S2.4. Experimental validation that carbonate electrolyte bulk pH is reduced to near-
neutral values over the course of CO; sparging (left) and that bulk pH does not increase
significantly in the static cells implemented in this study over the course of electrolysis where
50 coulombs of charge are passed through a Cu;MogSs working electrode (right).
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Figure S2.5. Monitoring pH over time for a CO-purged 0.1M NaHCOs; electrolyte, showing slight
increases to bulk electrolyte pH of less than one pH unit. Effects of increasing bulk pH do not
necessarily reflect inherently high pH at the electrode-electrolyte interface, and as such the effect of
bulk pH increase over time on CO; reduction catalysis are not systematically studied here.

52



0
(a) (b) , =5 J
[—N2
-— -5
< .54 -
£ £
- = -104
= 4 =
2 g
5 S
o _10_K o -5
204
15 . : ; . . -25 y . T . T . T
0 2000 4000 6000 -1.0 -0.5 0.0 0.5
Time (s) Potential vs. RHE (V)

Figure S2.6. Current stability over the course of electrolysis at -1.0 V vs RHE and pH 6.8ina 0.1 M
Na,COs; electrolyte purged with CO;, (a). Linear sweep voltammograms in pH 6.8 electrolytes at
constant scan rates of 50 mV/sec, showing an identical onset potential for reductive current under
both CO; (black) and N2 (red) (b). This indicates that HER dominates observed current densities and
there is no observable contribution to current density from CO, reduction, as confirmed by the values
seen in Figure S2.9. Linear sweep voltammograms were observed for pellets of identical exposed
surface area.
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Figure S2.7. Complete NMR spectrum after electrolysis at -1.002V vs RHE at Cu,Mo0sSg showing a
large, suppressed H,O signal at ~4.7 ppm (a)", and NMR inset showing the peak at 1.90 ppm that
corresponds to acetate in both the electrolysis product aliquot, as well as in a blank prior to
electrolysis (b). Acetate was not observed as a product at any point in this study.

*Signals at 3.00 and 2.85 ppm correspond to methyl hydrogen atoms from DMF
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Figure S2.8. GC-TCD chromatographs illustrating the test injections used for calibration of H,, CO,
and CHg (a-b) as well as test injections to ensure sufficient detection of C;H4. 100% C,H. resulted in
fronting of the eluent, and the detection limit on the order of 0.01% percent was sufficient in detecting
trace quantities of ethylene given the electrochemical cell construct implemented in this study.
Methane and ethylene were undetected in all electrolysis experiments involving MyMoeSg catalysts.
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Figure S2.9. Potential-dependent Faradaic efficiency for CO; reduction products (a), for hydrogen
evolution under CO- headspace (b), for CO reduction products (c), and for hydrogen evolution under
CO headspace (d). Experiments for (a) and (b) were carried out in a pH 6.8 electrolyte where 0.1 M
Na,CO;3; was purged for 1 hr with CO,, while experiments for (¢) and (d) were carried out in pH 6.8

electrolyte where 0.1 M NaHCOs3; was purged for 1 hr with CO. Error bars reflect one standard
deviation.
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Figure S2.10. Most stable binding geometry for CO on MogSs. Multiple CO binding configurations
at the Mo and atoms were explored and binding to Mo was determined to be most favorable in all
cases. CO binding results in a stable octahedral coordination of the active Mo atom.

Color scheme: Mo (blue), S (yellow), C (grey) and O (red).
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Figure S2.11. Calculated binding energies for CO at relevant binding sites in MosSg (a), and at the
most favorable Cu and Mo sites in CuzMosSs (b). S interactions are not presented for CuzMosSs
because only very weak VdW forces were calculated, as was the case for MogSs.

Color scheme: Mo (blue), S (yellow), Cu (brown), C (grey) and O (red).
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Figure S2.12. Full XAS spectra for (a) Cu-CP with a Cu® foil reference; (b) Cu-CP and bare-CP with
a Mo foil reference; (c) Cu-CP and bare-CP with a NayS,0; reference. Scans for the Na,S;0;
reference (black) in (c) were only carried out in the immediate energy range around the S K-edge
because reference spectra were not collected simultaneously with CP spectra, as was the case for CPs.
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Figure S2.13. Raw data from controlled potential electrolysis experiments that show steady-state
reduction currents over Cu,MosSg that were then normalized with respect to electrode surface area
and then multiplied by Faradaic efficiency for each product that was detected via NMR and GC
following each experiment in order to obtain partial current density values presented in Figure 2.9.
These scans are representative of the raw current over time for each of the four potentials tested in
this work (-0.4 V vs RHE (red), -0.6 V vs RHE (blue), -0.8 V vs RHE (pink), and -1.0 V vs RHE
(green)), and are therefore not shown in their surface-area normalized forms. A notable increase in
noise due to vigorous formation of H, under stirring is observable for the -1.0 V experiments in panels
(b) and (d). All experiments were performed in CO,-saturated 0.1M Na,COs at pH 6.8 under vigorous
magnetic stirring.
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Figure S2.14. Mo 3d XPS spectra for Cu;MoeSs catalyst before electrolysis (a), and after electrolysis
(b), indicating slight oxidation of Mo following exposure to moisture and oxygen. It is not believed
that catalyst oxidation occurs during electrolysis.
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Figure S2.15. XPS survey scan of Cu.Mo0sSg CP both before (black) and after (red) electrolysis. Peaks
to note are the Ols and C1s signals that arise from a native oxide layer as well as surface carbon.
Both species diminished over the course of successive surface-sputtering depth-profile scans, hence
the only signal that evolved as the result of electrolysis is that of Na, a principle electrolyte component.
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Figure S2.16. Mass-spectrum following injection of the cell headspace following electrolysis over
CuzMosSg at -1.0 V vs RHE in a 0.1M Na,C Os electrolyte saturated with CO, at 1 atm. Prominent
signals for N2 and O- resulted from the ambient gas in the needle of the injection syringe.
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Figure S2.17. Results of Bader charge analysis for MogSs, CuM0sSg and CuzMosSs which shows a
notable increase in electron localization on S atoms upon introduction of Cu. Bader charge analysis
operates on the principle that atoms within a structure can be divided based upon their charge density
according to discreet volumes that form from zero-flux surfaces that are two-dimensional planes on
which charge density for an atom is at a minimum perpendicular to the plane. Hence charge density
within the volume made up by these zero-flux surfaces is a good approximation of the relative charge
each atom within a structure.®
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Figure S2.18. Raw data from controlled potential electrolysis experiments that show steady-state

reduction currents over Cri73sM06Ss (black) and Ni:MoeSs (red) that yielded the product

distributions shown in Fig. 2.12. These experiments were performed in aqueous CO»-saturated
0.1 M Na,COs electrolyte at pH 6.8 at -0.8 V vs RHE under vigorous mechanical stirring.
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Figure S2.19. XRD patterns overlaid with published patterns for Cr173Mo0sSs (a) and Ni2MogSs (b)
that were used in control experiments.
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Table S2.1 Result of Pawley refinement for all Chevrel-phase structures studied in this work.

Material P::ai:niet:r Experimental Value Literature Value % Difference®
a 9.1932A 9.1910A 0.02

b 9.1932A 9.1910A 0.02

c 10.8891A 10.2290A 6.45

MosSs a 90° 90° 0.00
(R-3H) B 90° 90° 0.00
v 120° 120° 0.00

Volume 797.006 A3 795.84A3 0.15

a 6.5035A 6.5170A -0.21

b 6.4795A 6.4959A -0.25

c 6.4562A 6.4480A 0.13

Cr173MosSs a 94.5190° 94.70° -0.19
(P1) B 96.9590° 90.72° 6.88

v 97.0100° 97.87° -0.88

Volume 269.4447A3 269.41A° 0.01

a 9.5002A 9.511A -0.11

b 9.5002A 9.511A -0.11

c 10.2185A 10.229A -0.10

Ni;Mo0¢Ss o 90° 90° 0.00
(R-3H) B 90° 90° 0.00
v 120° 120° 0.00

Volume 798.699A3 801.34A3 -0.33

a 9.6328A 9.63A 0.03

b 9.6328A 9.63A 0.03

c 10.2229A 10.22A 0.03

b a 90° 90° 0.00
(R-3H) B 90° 90° 0.00
v 120° 120° 0.00

Volume 821.502A3 820.79A3 0.09
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EXAFES and XANES:

X-ray absorption spectroscopy is an element-specific tool for probing the local electronic and coordination
environment in materials. This local probe nature originates from the underlying principles of the absorption
event in which monochromatic x-rays eject core level electrons from elements of interest. The brief lifetime
of the core-hole and its decay process limits information to less than 1 nm surrounding the absorbing atoms.
Post-edge energies beyond the initial core level produce a photoelectron that is self-modulated by scattering
with the surrounding environment. These modulations (EXAFS) provide bond length and scatterer
information.

No observable pre-edge features at the Mo K-edge indicate that the Mog octahedra in both Cu,Mo-
63g and MogSs are relatively symmetric (Op). This is because transitions that would give rise to pre-edge
features, in this case, would generally been seen only for more distorted geometries. The empty phase is
dominated by a single peak centered around 1.95 A with a small shoulder at longer distances—in strong
agreement with previous EXAFS analyses of MosSs. This peak represents Mo — S interactions with 3
distinct types of S atom— the ternary (axial) S, and two slightly different S positions that form a pseudo-
square planar geometry around Mo. The small shoulder at longer distances results from Mo — Mo
interactions; the Mog cluster is somewhat distorted in the empty MogSg and variability in the scattering
distance causes destructive interference and hence a weak signal. In the Cu-promoted CP, there is a dramatic
change in the signal at the above distances. The Mo — S region is diminished and the Mo — Mo distances
increase. Fitting reveals changes in the local cluster with an elongation of the ternary axial Mo — S to 2.58
A from 2.44 A. The Mos cluster also shrank slightly to 2.69 from 2.72 A in the case of empty MosSs. These
shifts distort Mo — S distances and cause interference, while Mo — Mo bond lengths in the cluster become
more uniform, and scattering signals become additive for the intense peak seen around 2.4 A.

Cu EXAFS is consistent with a decrease in the fitted Cu — S bond of 0.12 A, closely matching the
shift in the Mo — S bond and increased separation between Cu absorbers and Mo clusters. Of note, the
Debye-Waller factor for Mo in the Cu fit is rather high but may be explained by the thermal and positional
variability of the Cu absorber inside the cavity.
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No EXAFS analysis on S K edge was performed due to the nice overlap between S K edge and Mo

L3 and Ls,-edges that appear approximately 100 eV past the S K edge.

Table S2.2 Fitting parameters for Mo K-edge of Cu;M0sSs

Parameter Value R-Factor
S02 0.85 set
enot -2.88 +/-0.94
drS1 -0.04 +/- 0.005
drS2 0.11 +/-0.04
drMol -0.05 +/- 0.004 0.029
dCul 0.07 +/-0.03
ssMo 0.004 +/-0.001
ssS 0.006 +/-0.002
ssCu 0.008 +/-0.005
Table S2.3 Fitting parameters for Mo K-edge of M0gSs
Parameter Value R-Factor
S02 0.85 set
enot -0.8 +/-0.98
drS1 -0.017 +/- 0.009
drS2 -0.04 +/- 0.008 0.015
drMo1l -0.07 +/-0.03
ssMo 0.017 +/- 0.002
ssS 0.009 +/-0.003
Table S2.4 Fitting parameters for Cu K-edge of Cu;Mo0sSs
Parameter Value R-Factor
S02 0.82 set
enot 1.26 +/-0.89
drS1 0.11 +/-0.03
drS2 -0.12 +/-0.02 0.022
drMol -0.08 +/-0.05
ssS 0.009 +/- 0.003
ssMo 0.018 +/- 0.004
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Table S2.5 Extracted bond lengths from EXAFS fittings

Absorber Scatterer N Fitted R (A)
MOsSs Mo S 5 2.44
Mo 2 2.67
Mo 2 2.76
Mo 1 3.24
CUZMOGSs Mo S 1 2.58
S 4 2.45
Mo 2 2.69
Mo 2 2.75
Mo 1 3.25
Cu 1 3.21
Cu S 1 2.23
S 4 2.30
Mo 3 3.16
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3. Chapter 3: Spectroscopic, Calorimetric, and Computational Study of
the Electronic Structure, Local Coordination, and Thermodynamic
Stability of 1°' Row Transition Metal-Intercalated Chevrel-Phase
Sulfides

Abstract

The electronic structures of S and Mo, as well as the local coordination of Mo are investigated as a function
of metal intercalation into Chevrel-phase sulfide structures. The effect of intercalant-based electron
donation into the stoichiometric range MyMosSg (M=Fe, Ni, Cu; y=0-2) is observed via X-ray absorption
near-edge structure (XANES) analysis, as well as the effect of charge donation on the bonding environment
of Mog metal centers which is monitored using extended X-ray absorption fine structure (EXAFS) analysis.
Expansion and contraction of Mog octahedra is observed depending on the number of electrons populating
bonding-like versus antibonding-like states, as is predicted by Hiickel molecular orbital theory. Marked
tunability is observed in the electronic structure of sulfur depending on charge transfer magnitude between
intercalant species and MogSg units. Average Mo octahedron Mo-Mo bond contraction from 2.76A to as
short as 2.69A was observed upon incorporation of metal intercalants, while intercluster separation displays
a pronounced increase for intercalant-host lattices compared to de-intercalated Mo¢Ss. To corroborate
spectroscopically observed phenomena, we performed computational analyses of spin-polarized densities
of state (DOS) for the Chevrel-phase materials investigated herein, where a detectable increase in sulfur-
based frontier orbital population is observed in accordance with experimentally validated orbital filling.
Further, experimentally measured and computationally verified local and electronic structure are used to
build a holistic picture of thermodynamic stability in the Chevrel-phase sulfide family of materials, and
framework ionicity and covalency are identified as competing drivers of thermodynamics. We implement
a tandem calorimetric and computational approach to establishing quantifiable descriptors for formation

enthalpy which can inform future strategies for accessing synthesizable multinary compositions.
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Introduction
Designing and understanding efficient energy storage and conversion systems is an imperative that may
prove critical for the sustenance of current population growth and resultant energy demands.® ? Promising
avenues in these two fields of study include heterogeneous catalysis as a means of energy conversion, as
well as the development of multivalent battery technology as a means of efficient energy storage.®* An
interesting family of materials with applications in both energy conversion catalysis and in multivalent ion
intercalation are the ternary Chevrel-phase (CP) chalcogenides. These materials are known to be high-
temperature superconductors as well as stable hydrogen evolution electrocatalysts owing to their favorable
frontier orbital landscapes. They also comprise some of the first functional multivalent battery cathode
architectures as a result of their structural flexibility and ability to facilitate ion migration during
charging/discharging cycles.® ° Finally, it is noteworthy that CPs show promise as selective CO, reduction
catalysts resulting from synergistic interactions between chalcogen and metal sites which give rise to
tunable electronic environments.’*°

The Chevrel-phase family has a general composition of MyMogXs (M = transition or alkali metal,
y =0-4, X =S, Se, Te) and exhibits exceptional compositional flexibility.’*** Perhaps more importantly,
the CP family provides a framework for investigating the role that metal intercalation plays in determining

local coordination and electronic structure within multinary materials. The generic CP structure as depicted

(a) (b)

# N
Figure 3.1. Crystal structure showing connectivity in Cu:MosSs where Cu ions (red) are found inside

the cavity formed by adjacent MosSs units (a), and an MosSg cluster unit showing six additional axial
bonds between Mo (blue) and S (yellow) that link adjacent clusters together (b).
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in Fig. 3.1 consists of M0osXs units where a slightly distorted Mog octahedron lies in the center of eight face-
sitting chalcogen atoms, forming a pseudo cubic environment around the Mos (Fig. 3.1a). Individual MosXs
units are connected via intercluster Mo-X linkages such that axial, linking Mo-X bonds cap the pseudo
square planar coordination environment formed by four surrounding face-sitting chalcogens (Fig 3.1Db).
This capping by an adjacent cluster chalcogen ultimately results in a pseudo square pyramidal coordination
environment around Mo atoms. In the most common rhombohedral crystal structure, MogXs cluster units
extend via Mo-X linkages to form cavities and channels between clusters, inside which small metal
intercalant ions reside indiscriminately in any of 6 crystallographically equivalent positions (Fig. 3.1a),
whereas larger metal intercalants (e.g. K, Pb) tend to reside directly in the cavity center.***

Given the importance of elucidating the electronic structure of promising compounds, it is of great
interest to investigate materials for which there are reasons to believe desired catalytic activity may be
achievable. In the case of CO; reduction to liquid fuels, Density Functional Theory (DFT) evaluations of
the CP sulfide cluster system has revealed potentially favorable binding interactions for multiple
intermediates along the CO; reduction pathway to methanol.® ** In addition, previous work by Tributsch'®
and Hoffman’ indicates that the band structure of the Chevrel-phase may indicate suitability for a variety
of electrocatalytic processes such as hydrogen evolution and oxygen reduction, owing to the position of the
Mo d-band with respect to the fermi level. Hence, in this work we experimentally investigate the electronic
structure of a stoichiometric range of MyMogSg (M= Fe, Ni, Cu y=0-2), and further determine the degree to
which structural modulation can affect the electronics of this known class of high-temperature
superconductors and multi-valent battery intercalant hosts.*? 2 18 1° previous work on CPs by Yvon et al.
that explored structural modulation of the Mos octahedron in CPs intercalated by Cu, Ag, Sn, and In is a
valuable reference point for explanations of intercalant-induced structure changes in CPs.?’ We have
expanded their X-ray diffraction (XRD)-based investigation to a series of transition metal-intercalated CPs,
implementing highly structurally sensitive X-ray absorption techniques to monitor variations in the local

coordination of CP Mo atoms,?*%*

with added insight regarding the electronic make-up of constituent
elements in the structure that serves to guide our rationalization of bonding phenomena.

73



To thoroughly investigate coordination and electronic structure in intercalated CPs, we implement
X-ray absorption spectroscopy (XAS) which utilizes tender and hard X-rays for core-level electron
excitation into lowest unoccupied molecular orbitals (LUMO) as well as into continuum states as depicted
graphically in Fig S3.1. These excitation processes are highly dependent on the nuclear charge, electronic
structure, and local coordination environment of the absorbing atoms. Furthermore, elements have discrete
energy ranges for excitation of electrons from various shells. Interpretation of observed excitation energies
facilitates evaluation of absorber atom oxidation state, and in some cases yields valuable information
regarding specific frontier orbital characteristics. In this manuscript, electronic information is extracted
from features of the K and L edges of studied materials, corresponding to ejection of 1% and 2" shell
electrons, respectively. In short this spectroscopic technique gives our investigation a high degree of
elemental specificity and, through data processing methods which have developed considerably in the years
following the conception of X-ray absorption spectroscopy, we are able to discuss specific, individually
observed and structurally dependent scattering events for the CP structures of interest.?>%" As such, we use
aforementioned spectroscopic methods to investigate local Mo coordination in CPs intercalated by Fe, Ni,
and Cu, as well as for a MoeSs structure that lacks a promoting species. We further explore the degree of
cluster separation that is potentially induced by electron donation from various 1% row transition metals.
Finally, we analyze the electronic structures of constituent atoms in the previously listed CP structures. This
investigation compares the effect on Mo coordination and electronic structure of both intercalant identity
and stoichiometry, and experimental results are corroborated by theoretical calculations that aim to
rationalize interesting charge localization phenomena that have been observed for various metal-
intercalated CP sulfides.'® %
Experimental Methods
3.1 Materials:
MoS; powder (>99.5%, ~325 mesh), Fe powder (99.998%, ~22 mesh), Cu powder (99.995%, ~100 mesh),

Ni powder (99.8%, ~325 mesh), were used as purchased from Alfa Aesar. Mo powder (99.99%, ~100 mesh)
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was used as purchased from Sigma Aldrich. Fused quartz tubes (2 mm thick) were purchased from

Technical Glass Inc. and made into round-bottom tubes with an in-house oxy-hydrogen torch.

3.2 Synthesis:

All CPs studied were synthesized via solid-state methods adapted from literature.?® For this method,
appropriate elemental powders for each ternary metal, Mo powder, and MoS, powder as a S source weighed
under N to within +/- 0.0002 g of their target masses (Table 3.1). All precursor powders were then mixed
in a ball mill under N, atmosphere for 24 hrs. Mixed powders where then transferred into a N2 glovebox
and pressed together under 25 metric tons over an area of 20mm?. These pellets were then placed into round-
bottom fused quartz tubes inside a glovebox. A protecting layer of tightly packed aluminum oxide
microfiber was placed over samples to prevent diffusion of oxygen into the sample environment, and the
tube was removed from N, and placed into graphite powder as shown in Fig. S3.2. The reaction vessels as
seen in the SI were then transferred inside graphite baths to a conventional microwave oven outfitted with
an Ar gas inlet to maintain inert atmosphere during the reaction. Samples achieved maximum phase
conversion upon irradiating with 1200W for 10 minutes, where graphite powder acts as a microwave
susceptor material capable of rapidly converting microwave radiation to thermal energy. The high
temperature microwave heating step was followed by immediate quenching in room temperature water. In
order to synthesize the binary MogSs structure, an acidic leaching procedure was used according to literature
methods in which Cu,MosSs was added to 6M HCI and bubbled with O, overnight.® The synthesized binary
product was isolated from the leachate by vacuum filtration followed by 5 sequential washes with ~10 mL
of ultra-pure deionized (UPDI) water to ensure complete removal of residual acid and CuCls> complex that
was formed through the leaching process.

Table 3.1. Reagent masses used to obtain 500 mg precursor mixtures for microwave heating.

Composition Molar Mass (g/mol) | Mx Mass (g) Mo Mass (g) MoS; Mass (g)
FeMogSs 888.073 0.0314 0.1080 0.3605
FeaMo06Ss 943.918 0.0592 0.1017 0.3392
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Ni2Mo06Ss 949.614 0.0618 0.1010 0.3372

CuzMo0eSg 959.320 0.0662 0.1000 0.3337

3.3 Structural and Electronic Characterization:

Phase purity of as-synthesized CPs was analyzed via powder XRD using a Bruker D8 Advance
diffractometer with Cu K-alpha radiation (1.5406 A) as well as at Stanford Synchrotron Radiation
Lightsource (SSRL) BL 2-1 (0.728068 A). XRD experiments at BL 2-1 were performed under He
atmosphere with a 1.3 Tesla bend magnet and a Si (111) monochromator where energy resolution (AE/E)
was 5x10. Refinement and powder pattern indexing such as that shown in Table S3.1, Fig. 3.2a, and Fig.
S3.3 were completed using the TOPAS analysis software by Bruker.

CP morphology as shown in Fig. 3.2b was analyzed using an FEI (Hillsboro, OR) 430 Nano
Scanning Electron Microscope (SEM). SEM samples were prepared in their pelletized forms for all ternary
phases and in the powdered form for the binary phase; pelletized samples were mounted in place on
conductive SEM stages using metallic screws while powdered samples were adhered to conductive double-
sided carbon tape followed by gentle blowing of loose particulates with high-purity nitrogen prior to
introduction into the microscope chamber. Structural and electronic information was acquired via ex-situ

XAS at SSRL beam lines 4-1 and 4-3 using hard and soft/tender X-rays, respectively, in order to observe
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Figure 3.2. Indexed PXRD pattern for as-synthesized Cu.MoeSg overlaid with an ICSD reference
pattern (a) and a scanning electron micrograph showing faceted Cu.MoeSg crystal which forms under
microwave irradiation (b).
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X-Ray Absorption Near-Edge Structure (XANES) and Extended X-Ray Absorption Fine Structure
(EXAFS) information for Fe, Ni, Cu, Mo, and S. Samples were prepared for XAS analysis by pulverizing
all samples and filtering size using a solvent (isopropanol) method with a mortar and pestle where the pestle
would agitate particles suspended in solution within the mortar and would adhere only the smallest particles
which were then briefly transferred to a glass slide to dry. Once dried these small particles where scraped
into a thin and even layer over Kapton (polyimide) tape which exhibits high transmittance to X-rays, and
this particle-coated Kapton was then fastened to the XAS beamline sample holders. Further elemental and
electronic structure analysis was performed via X-ray photoelectron spectroscopy (XPS) using a PHI
Versaprobe 3 spectrometer, where CP surface composition and oxidation states were verified. XPS sample
preparation was identical to that of SEM.

3.4 X-ray Absorption Experiments and Analysis:

MosSs, FeEM0gSs, Fe2M0sSs, NizM0sSg and Cu,M0osSg were all screened at their respective metal intercalant
K-edge, Mo K-edge, and S K-edge. S K-edge and Mo L-edge scans were completed simultaneously at beam
line 4-3 at SLAC national accelerator laboratory, while Mo K-edge, Cu K-edge, Ni K-edge, and Fe K-edge
scans were all completed on beam line 4-1 at SLAC. During each scan at beamline 4-1, a reference foil
composed of an appropriate metal was analyzed in tandem with the sample to calibrate the incident beam
energy, while a Na,S,03 reference powder was used for energy calibration at beamline 4-3. This method of
reference data collection allowed for the mitigation of any shifts in beam energy or monochromator position
that could have occurred over the course of repeated scans.

Each edge scan performed with the exception of the S K-edge and Mo L-edge was performed under
atmospheric conditions, while the S K-edge and Mo L-edge scans were performed under He with a chamber
O, content <0.04% in order to avoid interactions between oxygen and the beam. For each edge scan,
transmittance and fluorescence data were simultaneously collected at least 3 times per sample edge and
then averaged to improve the signal to noise ratio. Fluorescence signal was collected using a Lytle detector,

and the results presented herein are based exclusively on the averaged fluorescence data.
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3.5 XAS Data Analysis:

Full X-ray absorption spectra (Fig. S3.4 and Fig. S3.5) for each element edge in all five CPs studied here
were first averaged using SixPack, then imported for further processing into Athena version 0.9.26 and
Artemis version 0.9.26.%° Both Athena and Artemis use IFEFFIT? for any numerical calculations based on
the data. Spectra were normalized in Athena as shown in the supplementary information, based on ascribed
pre- and post-edge regions for each element. As the S XAS spectra is interrupted by Mo L-edges, S K-edge
scans were normalized following truncation of obstructive Mo signal. Normalized scans were fit in real-
space where k-weighting was fixed according to the absorbing atom. The corresponding real-space data
was then Fourier transformed and fit with a theoretical model based on established structural information
from the International Crystallographic Structure Database (ICSD).? The amplitude reduction factor (S02)
that accounts for potential signal contribution by multi-electron excitation events was calculated using an
appropriate metal reference. The Debye-Waller factor (62) that is based on bond vibration was defined as

being identical for any species that has a similar bonding environment.

3.6 High-Temperature Oxide-Melt Calorimetry

High-temperature drop-solution calorimetry was performed using a Tian Calvet twin calorimeter AlexSYS
(Setaram, France) at 1073 K.%32 Small temperature differences between the sample and its constant
surroundings, namely a large metal block heat sink, registered by a thermopile, is proportional to the heat
flow. The integral of the thermopile electromotive force (e.m.f.) in a calorimetric peak generated by a
chemical reaction, relative to an established baseline, is proportional to the heat effect, and, with appropriate
calibration, gives the enthalpy of reaction. In the experiments reported here, the powdered samples were
pressed into pellets and dropped into a platinum crucible containing molten sodium molybdate
3Naz0-1Mo0Os solvent. Pure oxygen gas was flushed over the solvent at 90 ml/min and bubbled through it
at 5 ml/min. The bubbling gas brings the samples into much more direct contact with an oxidizing
environment, speeds oxidation and stirs the solvent. The calorimeter was calibrated against the heat of

combustion of 5 mg pellets of benzoic acid (C7HsO3, Parr Instruments).
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The measured drop solution enthalpy represents the sum of heat content of the sample from room
temperature to 1073 K, its heat of solution in the sodium molybdate melt and its heat of oxidation. Because
the heat of oxidation is the largest contribution to the drop solution enthalpy, all values are expected to be
negative. The drop solution enthalpy is then used to calculate the enthalpies of formation from components
or from elements. To ensure validity of each calculation, initial states of the oxides immediately prior to

dissolution were confirmed and their final state in the melt was well defined and reproducible.

3.7 Computational Details:

Spin-Polarized Densities of State: Periodic density functional theory (DFT) calculations were performed
using the Vienna ab-initio simulation package (VASP)* with the PBE functional (planewave cutoff = 520
eV, k-points = (5,5,5), force threshold = 0.03 eV/A, Gaussian smearing width = 0.2 eV). Initial unit cell
optimization (planewave cutoff = 700 eV) yields a = 6.48 A and a = 91.18° for bare M06S8, in agreement
with experimental measurements. Density of states was obtained using the hybrid HSEO6 functional using

a lower (3,3,3) k-point mesh.

Stability Descriptors and Charge Density: DFT calculations were performed using VASP. The Strongly
Constrained and Appropriately Normed (SCAN)* semilocal density functional was used to compute
ground state structures, total energies and densities of state (DOS) for the compounds and elements.
Calculations were performed with a plane wave cutoff of 520 eV and a I"-centered Monkhorst-Pack k-point
grid. Charge densities were calculated using DDEC6 atomic population analysis,*® and Madelung energies
were computed from these charges using the Ewald summation method implemented in Pymatgen. Crystal

orbital overlap populations (COOPs) were calculated using LOBSTER.®

Results and Discussion

3.1 Electronic Structure

All CPs were probed at both the Mo K- and L.- edges, thereby providing insight into coordination geometry,
oxidation state and electronic structure of Mo. Shown in Fig 3.3 are the Mo L,-edge scans for all measured

CPs that show direct edge jump overlap beginning at approximately 2626 eV and reaching a maximum at
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Figure 3.3. Mo L;-edge XANES for M2MoeSs (M = Fe, Ni, Cu) (a) and for FexMosSs (X = 0-2) (b)
showing consistent edge overlap irrespective of transition metal identity or stoichiometry. This
overlap indicates consistent oxidation state between Mo in different CP species. Overlaid spectra are
insets of normalized S K-edge EXAFS regions where the Mo L-edges arise and are therefore not
normalized for the Mo L,-region. Me, S, and Mo K-edge XAS spectra in their entirety can be found
in Fig. S3.4-S3.6.

approximately 2630 eV, regardless of intercalant identity and/or stoichiometry. According to Kunzl’s law
of linearly scaling edge jump positions with respect to absorber oxidation state, this overlap indicates that
the apparent oxidation state of Mo is effectively unchanged regardless of the ternary cation that has been
incorporated into the lattice. This observation is consistent with the interesting charge-transfer phenomenon
that has been observed for MoeSs acting as a multivalent battery intercalant host, wherein CP chalcogen
atoms are more susceptible than Mo to changes in electronic structure.’® ** While it is unusual that charge
transfer in transition metal-based compounds would not involve the metal center (a Mo octahedron in the
CP case), this observation of overlapping Mo L, edges is consistent with the overlap of Mo K-edges in Fig.
S3.6, as well as the overlap in Mo 3pu2/3ps2 and Mo 3ds2/ 3ds;2 XPS spectra in Fig. 3.4.

While Mo electronic structure appears relatively unchanged regardless of intercalant identity or
stoichiometry, there is a marked difference in the S K-edge XANES region from one metal intercalant to
another, as can be seen in Fig. 3.5. The existence of a pre-edge feature in the S XANES—the result of S 1s
- 3p excitation— is indicative of relatively strong mixing between S 3p orbitals and Mo d-orbitals.®” The

prominence of said feature is believed to be dependent on the population of S 3p orbitals which constitute

frontier CP electronic levels. As observed in literature, the intensity of this pre-edge feature is diminished
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Figure 3.4. Mo 3p (a) and 3d (b) XPS spectra overlaid for all CPs studied, detailing similar oxidation
states and chemical environments for Mo in each CP species.
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Figure 3.5. Overlaid S K-edge XAS spectra for M2MosSs (M = Fe, Ni, Cu) (a) and the corresponding
1%t derivative plot for the same scans (b), along with overlaid S K-edge XAS spectra for FexMo0gSs (X
= 0-2) (c) and the corresponding 1% derivative plot for the same scans (d). Notably, the pre-edge
centroid overlaps at 2471 eV for all phases, with a slight (<~0.25 eV) shift in the white line position.

as electron density is donated from metal intercalants into MoeSs clusters.'® Mos clusters are metastable 20-
electron species and become stable at a valence electron count of 22 electrons.'” As clusters would have a

complete valence shell at 24-electrons, the pre-edge that arises from electron transitions into slightly mixing
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S 3p orbitals will diminish as up to four intercalant-derived electrons occupy frontier orbitals and render
such pre-edge transitions forbidden. Hence, we can qualitatively determine the degree to which intercalant
electron density is transferred to the MosSs unit via observation of the position and intensity of this S pre-
edge. We can further evaluate the effect of metal promotion by examining the calculated DOS of Mo and
S where an overall shift is observed in the DOS of either Mo, S, or both near the Fermi energy when metal
intercalants are present compared to when they are absent. This observation can be validated in Fig. S3.7-
$3.11 and may have important implications for catalysis, as accessible metal d-orbitals near the Fermi level
often yield appropriate intermediate binding affinity to reaction intermediates during chemical reactions,®
% and the reactivity of chalcogen species in the Chevrel-phase is thought to play a significant role in
hydrogenation and hydrodesulfurization reactions.* “° From the calculated DOS for the M2MosSg CPs, it
appears that the materials should be antiferromagnetic, although this has not been experimentally validated
to the best of our knowledge, and we further observe the evolution of a semiconducting band structure in
the case of Fe2Mo0eSs as evidenced by the observable DOS gap in Fig. S3.9.

Qualitative pre-edge analysis may be sufficient in discussing the degree of intercalation or de-
intercalation of a cation species with fixed charge into the CP lattice, however 1% row transition metal
cations convolute this analysis since their charge is not fixed, as can be seen in Fig. S3.12 where the Fe K-
edge jump for FeMogSs is noticeably blue shifted by more than 1eV compared to the edge jump for
FesMosSsg, indicating an Fe species with a slightly higher average oxidation state in FeMo0gSs than in
Fe2Mo0sSs. This phenomenon is also observed computationally, as can be seen in Table S3.2 where the
higher Bader charge for Fe in FeMo0eSs than in Fe2MogSs indicates that based upon the structure of the Fe-
intercalated CPs, FeMosSg will possess a slightly more oxidized Fe species. This is also evident in the
overlaid XPS spectra (Fig 3.6) highlighting the Fe 2p3 signal of FeMo¢Ss compared to Fe:MosSs where a
slight red-shift is observe in the onset of photoelectron ejection from ~706 eV to ~705 eV indicates a less
oxidized Fe species in Fe2Mo0sSs. This change in oxidation may also explain similarities between the
observed S pre-edge intensities for the two Fe-intercalated CPs, as it is apparent that increasing
stoichiometry does not linearly increase electron donation in the case of transition metal intercalants. Had
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Figure 3.6. Fe 2p3 XPS spectra overlaid for FeMo0gSs and Fe2:MosSs, illustrating a red-shift in the
onset energy of photoeletron ejection from a moderately less oxidized Fe species in Fe;Mo0gSs.

stoichiometry scaled linearly with total electron donation into the cluster, one would expect significantly
more masking of the S pre-edge feature owing to the increased donation of electron density in the case of
Fe2MogSs. As a result of the variable Fe oxidation state in FeMogSg and Fe;M0sSs, we are unable to directly
correlate structural and electronic changes simply to increased or decreased stoichiometry of a metal cation.
Instead, we restrict our comparison to Fe2MogSs, NizM0sSs, and Cu,MosSs Where intercalant stoichiometry
is constant. In this case it was observed that despite a stark contrast in feature sharpness, the S pre-edge
intensity as shown in Fig. 3.5a is roughly the same for all three CPs, as would be expected if similar electron

density had been donated to the MogSs cluster in each case.

3.2 Structure and Local Coordination

It should be noted that the rhombohedral CP crystal structure mentioned previously is unique to small
cationic species within a certain stoichiometric range which is generally constrained between y=0 and y=2,
or for large cation species with a single molar equivalent (e.g. K, Pb, La),** as larger metal cations such as
Pb would form a crystal structure in which a single ternary atom sits directly in the center of the cavities;**
we are concerned only with the former case involving small cations in this study. Furthermore, in the case

of Fe2MosSg, clusters arrange in a triclinically distorted lattice with a primitive unit cell (space group P-1)
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Figure 3.7. Processed EXAFS information plotted in magnitude (top line) and in real space (bottom
line) for un-promoted MoeSs (a), Ni2M0sSs (b), and Cu>MosSs (¢), qualitatively indicating different
local Mo coordination in the three CP structures. EXAFs fitting parameters can be found in Tables
S3.3-S3.5.

as a result of the high Fe content.'? As such, Fe cations occupy each of only two equivalent positions inside
cavities between MogSs units as shown in Fig. S3.13, hence no direct comparisons can be made between
the structures of FeaMo0gSs, Ni2M0gSs, and CuaMosSs. Our discussion of local coordination is therefore
limited to Mo0eSs, Ni2M0gSs, and CuaMosSg—all of which share the same rhombohedral (R-3H) space
group.

Fig. 3.7(a-c) shows the real magnitude of Fourier-transformed EXAFS data in R-space for M0sSs,
Ni2Mo0sSs, and Cu2Mo6Ss, along with fitted lines calculated using appropriate ICSD structural information,
while Table 3.2 presents the results of these EXAFS fittings for M0osSs, NizM0sSs, and Cu2Mo0sSs, including
scattering paths for absorber atoms, degeneracies of said scattering paths denoted by N in the table, as well
as the effective length of the scattering interaction. Data plotted in k-space are also provided, shown in Fig.
S3.14, where the oscillations shown are background-subtracted and k-weighted (normalized based on
correction for systematic magnitude reduction at larger k values) oscillations in the raw XAS data. These

results detail the local coordination of Mo in each of the three aforementioned CPs, and we observe changes
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in bond distances when various metal intercalants are present in the lattice compared to the case for MogSs
where no intercalant is present.

From the Fourier-transformed data shown in Fig. 3.7, scattering paths were extracted that
correspond to specific Mo-Mo and Mo-S bond distances. From this analysis, an interesting trend arises in
intra-cluster Mo-Mo distances which can be visualized as 1 and 2 in Fig. 3.8. Average Mo-Mo bond lengths,
as calculated by averaging the distance of the longer scattering interaction with the shorter scattering
interaction for the binary, Ni,, and Cu, CPs are 2.76A, 2.72A, and 2.69A, respectively. In addition to the
average Mo-Mo distance being larger for Ni, than Cu, CP, the longer Mo-Mo path for Ni, (2.76 A) is longer
than the longest Mo-Mo path for Cu, (2.73A). The same is true for the shorter paths for each structure
(Table 3.2). This is in good agreement with the idea that, as electron density is donated to the MosSs cluster
and into orbitals with partially Mo-Mo bonding character, the Mos center should contract. This trend may
also explain the pre-edge sharpening in the S K-edge spectrum of Cu,MogSs because it appears (based on
the degree of Mog contraction) that slightly more electron density has filled the Mo¢Ssg cluster, thereby

limiting previously accessible S 1s->3p transitions.

Figure 3.8. Relevant fragments of the CP structure including all scattering paths as discussed in Table
3.2, numbered as follows: intracluster Mo-Mo paths (1, 2), axial Mo-S path (3), and intracluster Mo-
S paths (4-7). Intuitively, in a distorted octahedron with 2 distinct Mo-Mo scattering paths for a given
Mo absorber, each path (1 and 2) will have a degeneracy (N) of 2 which indicates that two of each
such paths exist for each Mo absorber.

85



In addition to the contraction of Mog centers in both metal-intercalated CPs for which EXAFS
information was processed, the intercluster distance—that is, the distance between adjacent M0gSg units—
was observed as a function of the axial Mo-S bond length represented by 3 in Fig. 3.8. This correlation is
useful because axial Mo-S bonds form the linkages between adjacent clusters and are therefore a good
approximation of intercluster distance. Rather unsurprisingly, it can be seen in Table 3.2 that axial
(intercluster) Mo-S distances increase drastically when metal intercalants are introduced into the cavities
of a CP lattice. This is evidenced by the inter-cluster Mo-S bond distances in MoeSs of about 2.31A
compared to those for the Ni- intercalated and Cu- intercalated CPs which are 2.46A and 2.51A,
respectively. This phenomenon is explained by lattice expansion that results upon incorporation of an
41,42

intercalant species between clusters.

Table 3.2. Results of EXAFS fittings sorted by structure, absorbing atom, and scattering atom.

Material Absorber Scatterer N Refi (A)
MoeSs Mo Mo 2 2.76
S 1 231
2 242
1 2.58
1 248
Ni2Mo06Ss Mo Mo 2 2.76
2 2.68
S 1 2.32
1 2.40
3 2.46
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CuzMo06Ss | Mo Mo 2 2.65
2 2.73

S 1 2.34

2 242

2 251

The last pertinent scattering path extracted from this fitted EXAFS information is between Mo
centers and close-proximity face-sitting chalcogens. These scattering paths are enumerated as 4, 5, 6, and
7in Fig. 3.8, and essentially detail the size of the Sg cubes that surround Mos centers. While the coordination
of Mo by these face-sitting chalcogens has been considered as pseudo-square planar, four distinct scattering
paths are observable for MogSs, suggesting that local Mo coordination is noticeably distorted from this
simplified model. Despite the non-uniformity in face-sitting Mo-S distances in the binary CP, only two
distinct paths are observed for NizMosSs at 2.40A and 2.32A, as well as two paths for Cu;MosSg at 2.42A
and 2.34A, indicating a slightly more symmetric pseudo square-planar coordination environment for the
metal- intercalated CPs. Although slight distortions from perfect square-planar coordination have been
observed, for the purpose of comparing MogSs, Ni2M0sSs, and Cu2Mo06Ss, scattering paths were addressed
as though they are degenerate, and an average scattering distance was used as a result. In performing the
analysis in this way, it becomes apparent that the presence or absence of metal cations inside the cavity has
a more profound effect on intracluster Mo-S distances than does the identity of that cation. Without a full
cavity, MosSg average intracluster Mo-S distances—calculated by averaging all Mo-S scattering paths

except the intercluster Mo-S path—are 2.48A, compared to Ni- intercalated and Cu intercalated CPs where
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average intracluster Mo-S distances shrink to 2.41A and 2.42A, respectively. There is little difference in
the size of the Sg cube in the cases of NizM0sSs and Cu2Mo06Ss, although both are noticeably contracted
relative to MogSs. It is possible that this discrepancy is the product of an empty intercluster cavity that
allows more structural flexibility for MogSg than for either of the intercalated CPs with partially occupied

intercluster cavities.

3.3 Stability Analysis

Drop solution enthalpies and experimental enthalpies of formation from components (AHz 2y and AHjs 3)
and elements (AHe) of all compounds are reported in Table 3.3 and Fig. 3.9. All values have been
calculated per gram atom. Experimental enthalpies of formation from components and elements were
calculated at 298 K from the thermodynamic cycles shown in Table S3.6 and Table S3.7, respectively. We
note that because all ternary Chevrel phases have similar structures, their entropies can be assumed to be

similar in magnitude, i.e. trends in thermodynamic stability are dictated by the enthalpies of formation.

Table 3.3. Drop solution enthalpies of the binary and ternary sulfides, enthalpies of formation
calculated from reactions (3.1) and (3.2) and enthalpies of formation from elements.

Compound/element AHa., kl/gat AHa, kJ/gat AHs 2, kJ/gat AHz ), kl/gat
Fe:MosSs -55223£2.63 -71.50+£3.18 -546+3.78 -6.88 £2.70
FeMogSs -562.93 £ 899 -77.27+£9.19 -6.83£9.45 -8.34+£ 861
NizMoeSs -538.24+£291 -65.20+3.49 093399 -0.48+£331
CuMogSs -53027+£429 -60.31 £4.66 6.35£5.08 494 =464
MosSs -583.54+£3.10 -7547+£3.66

MoS: -566.21 £2.27 -86.16 £2.22

Mo -698.77 + 3.09(10)8

Cu -106.72 + 2.38

Fe -376.83 £ 1.60

Ni -213.71 £1.97

s -629.18 +2.73

*Number of experiments in (), uncertainty is two standard deviations of the mean.

The large errors originate from large heat effects obtained for all compounds and elements, and do not indicate a high uncertainty of the

measurements.
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Figure 3.9. Experimental and computation enthalpies of formation from elements for MyMoSs and
MoS;, illustrating good agreement in the stability trend within the propagated error of the
experimental enthalpy measurements.

Calorimetric measurements indicate that iron incorporation in the MosSg structure promotes the
thermodynamic stability of the ternary sulfides, i.e. the enthalpies of formation from pure elements, from
sulfide components, and from MoeSs intercalation follows the trend: FeM0sSs < Fe2M0eSg < NizM0gSg <
Cuz2Mo6Ss. The enthalpies of formation from elements are negative for all compounds (Table 3.3). The

enthalpies of formation from the metal and the binary MoeSs according to the reaction:
yM+ Mo0gSg — MyMO(;Xs (31)

are negative for both Fe;MosSg and FeMogSg, while the values for NizMogSg and Cu,MosSs are slightly
positive or approximately zero within the experimental error. The trend in the thermodynamic stability of
the four CPs with respect to the cation incorporation in the MosSg matrix can also be seen from the

enthalpies of the synthesis reaction:
yM + 2Mo + 4Mo0S; — MyMosXs (3.2)

Because of the relatively large experimental error, the enthalpy of formation from the synthesis reaction
(3.2) of CuzMo0sSg can be considered close to zero, but probably still slightly positive.
The difference in the thermodynamic stability of these small-cation CPs can be attributed to the

increased valency (i.e. increased charge donation) of the intercalated cations (Fe > Cu > Ni). Greater
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electron donation (up to 4 e- to M0eSg) from cations with increased valency results in more pronounced
contraction of the Mos octahedron because the HOMO and LUMO of isolated MosSg clusters are
predominately Mo-Mo bonding in nature. EXAFS fitting, XRD, and DFT geometries indicate that the
average Mo-Mo bond distance decreases (Fe2M0sSs < Cu2M0sSs < Ni2MO0sSs) as cation valency increases
(Fe > Cu > Ni). Furthermore, XAS analyses suggest that Fe is more oxidized in FeM0gSs than in Fe;M0sSs
(Fig. S3.12), in good agreement with the calculated cation charge in each structure shown in Table 3.4.
These results all indicate an increase in electron donation from the intercalated cation to the Mo6S8 cluster
as valency increases, which stabilizes the structure.

AHgvalues at 0 K computed using DFT (Table S3.8) match experimental results well, as illustrated
in Fig. 3.9. Differences in the stability ordering between computation (0 K) and experiment (298 K) are
attributed to temperature differences and the resolution of the different methods. DFT results indicate that
the formation enthalpies of the studied ternary CPs decrease as the electropositivity and the stoichiometry
of the intercalated cation increases (Fe2Mo0sSs < FEM06Ss < CuzM06Ss < Ni2M0sSg). This increase in
electropositivity, and a corresponding increase in valency, leads to an increase in the Mog cluster charge
density which is observable by a decreasing average Mo oxidation state (2.00, 1.90, 1.77 for My = Niy, Cus,,
Fe,, respectively), as shown in Table 3.4. The average Mo oxidation state for FeMosSs (2.00) is greater

Table 3.4. Computational bond distances, component charges, integrated COOP, and Madelung
Energies for MyMogSg (M = Fe, Ni, Cu; y = 0-2) and MoS;.

Avg. Mo-Mo Avg. Mo-S Mo . | My Cation . Madelung Energy
Compound (%ist. (&) digst. (A) Charges | S Charge Charge® Sigma (eV)" (e\g)" =
MogSs 2.77 2.43 +2.67 -2.00 0.98 -0.33
FexMosSg 2.67 247 +1.77 -2.00 +2.70 0.74 -0.56
FeMosSs 2.68 2.46 +2.00 -2.00 +3.98 0.81 -0.54
CuaMosSs 2.69 2.46 +1.90 -2.00 +2.31 0.77 -0.51
Ni;MosSg 2.71 2.45 +2.00 -2.00 +1.96 0.78 -0.41
MoS; 2.40 +4.00 -2.00 0.95 -0.43

Charges here were normalized such that the oxidation state of sulfur is -2.

®Sigma and Madelung energies should not be directly compared (i.e. the values should not be combined
to provide a quantitative descriptor for stability).

than for FeaMoeSg (1.77), matching the computational trend in stability. However, the oxidation state of Fe

in FeMoeSs (3.98) is greater than in FeoMosSs (2.70 average) which indicates that the first Fe intercalated
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into the MoeSg framework transfers more electron density to the Mog cluster, and therefore yields a greater
decrease in AHsrelative to the second Fe. This matches with the ~1eV blue-shifted Fe K-edge XANES for
FeMosSs versus Fe;MoeSgs in Fig. S3.12. Thus, both the electropositivity and the stoichiometry of the
intercalated cation affect the electron donation to the MogSs cluster and the resultant stabilizing contribution

to the ternary CP.

It is apparent that the mechanism for ternary CP stabilization results from competing ionic and
covalent contributions. To that end, the Madelung energy of a material is a measure of the interatomic
electrostatic interactions (i.e. the ionicity). Table 3.4 shows the negative Madelung energies of the studied
materials, indicating a greater overall ionicity as electropositivity and stoichiometry of the intercalated
cations increase (Fe, > Fe > Cu, > Niy). For the ternary CPs, a greater ionicity results in a lower
computational AH;. Similarly, the inherent stability of MoS, over MosSs can be explained by the greater
ionicity of MoS,. However, the Madelung energy alone would suggest greater ionicity, and thus stability,
of NixMoSs over MosSg and is therefore an incomplete descriptor for stability. Thus, covalent bonding

must also be considered to provide a more complete understanding of material stability.

Fig. 3.10 shows the calculated electronic density of states (DOS) and COOP between Mo and S for
the studied materials. Positive and negative COOP values indicate covalent bonding and antibonding states,
respectively. The net covalent bonding (i.e. covalency) between Mo and S is indicated by X. For the CPs,
MosSs exhibits the greatest X, consistent with the shorter Mo-S bond distance in this material. Intercalating
cations into the Mo¢Ss framework increases the charge density on Mo, thereby decreasing the Mo-S bond
strength and elongating the Mo-S bond, which leads to destabilization of the CP structure. As the ionic radii
decrease (0.92, 0.87, 0.83 A for Fe**, Cu?" and Ni*", respectively) and stoichiometry of the intercalant cation
increase, a greater decrease in X is observed computationally. For all the ternary CPs except Ni2Mo¢Ss, the
stabilization from an increase in ionicity is greater than the destabilization due to the loss of covalency at 0
K. Although all the materials have filled antibonding states, Fe:Mo¢Ss and Cu,Mo¢Ss have the lowest

values due to a greater filling of Mo-S antibonding states, which corresponds to electron donation from the
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Figure 3.10. Total density of states (DOS, black line) and crystal orbital overlap population (COOP,
red line) of Mo and S atoms for the five Chevrel structures and MoS,. Positive COOP values indicate
covalent bonding states and negative values indicate covalent anti-bonding states. X is the energy
integrated COOP from -14 eV to the Fermi level (dashed line) which indicates the net covalent
bonding between Mo and S in these structures.

intercalants to the MoeSs cluster that exceeds 4 electrons. The large £ value of MoS, combined with its
moderate Madelung energy explains the low computational AHr of MoS, and the positive decomposition
enthalpy to MoS, (AHg3)) for the ternary CPs at 0 K which also indicates that elevated temperatures stabilize
ternary CPs against MoS,, in good agreement with experimental observations. No large variation in sulfur
charge is predicted for any of the studied materials, and the innate instability of Mo¢Ss is instead attributed

to its relatively low ionicity without a ternary intercalant within cavities. This increase in ionicity and

reduction of Mo-S covalency upon intercalation of a metallic species is represented in Figure 3.11.

Calorimetric analysis indicates that at 298 K, Fe:MoeSs is metastable with respect to FeMoeSs. This also
agrees well with Mo-Mo bond distances observed in X-ray diffraction analysis where average Mo-Mo
distances in FeMogSs are approximately 2.679A as compared to 2.682A in Fe;MosSs. This destabilization
of Fe:MosSs may be the result of a slight degree of triclinic distortion in the Fe:MosSs structure where
MoeSs cluster units are tilted with respect to the original thombohedral axis (Fig. 3.12), thereby allowing

more structural flexibility and slight deformation of the Mos octahedral symmetry which is observed at 298
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Figure 3.11. Reductive effects of M species intercalation into MosSg decreases the covalency of the
Mo-S interactions observed in binary MoeSs, and increases the relative charge on Mo and S to yield
a net increase in ionic bonding character within the structure.

Figure 3.12. Orientation of linked Chevrel-Phase clusters showing the rhombohedral axis along
which they possess three-fold rotation symmetry, and away from which clusters tilt in triclinic
Fe,MoeSs.

K but not at 0 K. This also matches with our computational results that indicate greater filling of antibonding
Mo-S states in Fe;MosSs, which decreases covalency and destabilizes the structure. A similar destabilization

is observed for MoS, where DFT predicts that this material is more stable than MosSs and the ternary CPs

at 0 K, in good agreement with published literature.® **** However, calorimetry indicates that MosSs is
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slightly more stable than MoS, at 298 K, although this is within the experimental error. The small formation
enthalpy difference between these materials explains why MoeSg cannot be directly synthesized at 298 K
but is persistently metastable at this temperature. Additionally, the propensity of Mo¢Ss to decompose to
Mo and MoS:; at high temperatures is consistent with the observation that an intercalant such as Cu is
required to stabilize the MosSg structure at high temperature, despite Cu,MosSs having a slightly more

positive formation enthalpy than MosSg at 298K.

Conclusions

Comparative XAS and computational analyses for a range of 1% row transition metal-intercalated Chevrel-
phase sulfides with unique stoichiometries and unique intercalant d-electron counts were completed; their
electronic structure and local Mo coordination under varying degrees of transition metal promotion were
also discussed. We observe potential tunability of Mo and S local structure through incorporation of metal
intercalant species, and report the first theoretical evidence that Fe-intercalated CP species may be
semiconducting—a property that can naturally facilitate material implementation in photocatalytic systems.
Structural tunability of the MosSe framework was observed after detailed EXAFS fitting, and we confirm
here that the electronic properties of CP structures are largely based upon the interactions between metal
intercalant and chalcogenide. Perhaps most importantly, the local coordination of Mo in a CP can be
modulated such that it assumes a 5-coordinate pseudo square-pyramidal geometry, or that it assumes an
axially elongated, 4-coordinate pseudo square-planar geometry—both scenarios depend on the presence
and electronic configuration of the intercalated species. In addition, the thermodynamic stability of a series
of binary and ternary CP sulfides was rigorously investigated, unraveling an interplay between the ionicity
and covalency of the cluster frameworks that can be approximated by their Madelung energies and crystal
orbital overlap populations, respectively, in order to accurately predict thermodynamic stability in good
agreement with experimental calorimetry. These findings will pave the way for the development of a robust,

system-specific mechanism for predicting composition-dependent stability in complex multinary
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chalcogenides like CPs, thereby enabling a closed-loop approach where material synthesis is accelerated
by experimentally verified computation.

Supporting Information

Core shell electron ejection diagram, synthesis reactor schematic, PXRD patterns, raw XAS spectra, spin-
polarized DOS, k-space processed EXAFS, Pawley refinement results, Bader charge analysis results, XAS
fitting parameter tables, thermochemical cycles, tabulated computational data.
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Supporting Information

X-ray Photon

I 3> Continuum
| ———— EXAFS Signal
A

A | Main Edge
3p

Nucleus

ad
Pre-Edge

]
Ejected Electron

1s

Fluorescence Signal

Figure S3.1. Graphic representation of the principle of core-shell electron ejection, followed by
relaxation of outer-shell electrons to yield fluorescent radiation. Fluorescence signal was acquired in
all of the experiments presented in this work. The diagram to the right represents a generalized view
of S K-shell ejection mechanisms that would result in the evolution of a pre-edge feature (Laporte
forbidden), as well as the excitations that result in the main edge (Laporte allowed). States higher in
energy than the LUMO positions constitute the continuum.
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Figure S3.2. Schematic illustrating the experimental set-up adapted from ref. 28 implemented for
microwave-assisted solid-state synthesis of Chevrel-phase materials.
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Figure S3.3. Powder XRD patterns for synthesized MyMosSs (M= Fe, Ni; x =0-2) with major
peaks indexed, showing ICSD reference patterns and collection codes, along with
corresponding SEM images listed immediately below each pattern overlay.
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Figure S3.4. Overlaid raw XAS spectra showing raw fluorescence signal starting at the S K-edge (a)
and the Mo K-edge (b) for all CPs studied.
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Figure S3.5. Raw XAS spectra for all metal intercalant K-edges, including raw fluorescence signal

for the Fe K-edge in Fe;Mo0sSs (black) and FeMosSs (red) (a), for the Ni K-edge in Ni:MogSs (b), and
for the Cu K-edge in Cuz:Mo0sSs (¢).
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Figure S3.7. Spin-polarized densities of state calculated for Mo and S in M0gSs.
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Figure S3.8. Spin-polarized densities of state calculated for Fe, Mo, and S in FeMosSs, indicative of a
d6 Fe(ll) iron species.
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Figure S3.9. Spin-polarized densities of state calculated for Fe;2Mo0sSs, indicative that the triclinic Fe-
promoted CP may exhibit semiconducting properties.
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Figure S3.10. Spin-polarized densities of state calculated for Ni, Mo, and S in Ni2MosSs, indicative of
a d8 Ni(ll) iron species.
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Figure S3.11. Spin-polarized densities of state calculated for Cu, Mo, and S in Cu;Mo0sSg, indicative
of a d10 Cu(l) species.

109



— Fe, Mo, S,
(a N — FeMo S,
—— Fe Foil
m
3.
7100 7120 7140 7160

Photon Energy (eV)

( b) ——NiMo_S, (C) ——CuMos,
— Ni Foil — Cu Foil
m m
3 Et
T T T T T T —T T T T
8320 8330 8340 8350 8360 8955 8970 8985 9000 9015

Photon Energy (eV) Photon Energy (eV)

Figure S3.12. Zoomed and overlaid Chevrel-phase and reference foil XAS spectra, showing
fluorescence signal for metal intercalant K-edges that include Fe (a), Ni (b), and Cu (c).
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Figure S3.13. Wireframe representation of the triclinic FezMosSs crystal structure where Fe atoms
(orange) reside in exactly two cavity positions.
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Figure S3.14. Processed EXAFS information plotted in k-space for un-promoted (a), Ni-promoted
(b), and Cu-promoted (c) CPs. As is reflected by extracted scattering paths, oscillation magnitudes
for both Ni and Cu-promoted MogSs differ similarly from 6-9 wavenumbers in comparison to un-
promoted MosSg where weighted oscillation is comparatively more uniform. This qualitatively
indicates that the changes in local coordination of Mo upon metal promotion are similar in nature,
as is quantitatively observed following further processing of experimental data.
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Table S3.1 Results of Pawley refinements on each Chevrel-phase investigated.

Sample Space Group Unit Cell Parameter Value % Difference
Parameter From ICSD
Cu;Mo6Ss R-3H (148) a 9.6328 A 0.03
b 9.6328 A 0.03
c 10.2229 A 0.03
a 90° 0
B 90° 0
y 120° 0
Ni2Mo0Ss R-3H (148) a 9.5075 A -0.04
b 9.5075 A -0.04
c 10.2315 A .02
a 90° 0
B 90° 0
y 120° 0
Fe;Mo6Ss P-1(002) a 6.4875 A -0.22
B 6.4771 A 0.17
c 6.4746 A -0.10
a 95.4770° -0.48
B 88.3156° -9.30
y 83.0060° 9.11
FeMoeSs R-3H (148) a 9.5232 A -0.01
b 9.5232 A -0.01
c 10.2734 A -0.03
a 90° 0
B 90° 0
y 120° 0
Mo06Ss R-3H (148) a 9.1853 A -0.06
b 9.1853 A -0.06
c 10.8857 A 0.07
a 90° 0
B 90° 0
y 120° 0
Table S3.2 Results of Bader Charge analysis for FeyMogSg (y = 0-2).
S Mo Intercalant
Mo6Ss -0.74 0.96 N/A
FeMoseSs -0.82 0.90 1.15
Fe,MogSs -0.91 0.86 1.06
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Table S3.3 Fitting parameters for the Mo K-edge of MosSs.

Parameter Value R-Factor
S02 0.80 Fixed
EO 2.96 +/-1.19
DrS1 0.03 +/-0.45
DrS2 -0.16 +/-0.02
Drs3 -0.16 +/-0.47 0.0041
DrS4 -0.05 +/-0.02
DrS5 -0.07 +/-0.02
DrMo1l 0.04 +/-0.03
SsMo -0.010 +/- 0.001
SsS 0.001 +/-0.002
Table S3.4 Fitting parameters for the Mo K-edge of Ni2Mo0¢Ss.
Parameter Value R-Factor
S02 0.85 Fixed
EO 5.98 +/-1.07
DrS1 -0.09 +/-0.03
DrS2 0.00 +/-0.02
DrS3 -0.09 +/-0.04
DrMo1l -0.01 +/-0.03
DrMo2 -0.01 +/-0.01
DrMo3 -0.04 +/-0.03 0.0096
DrMo4 -0.01 +/-0.02
DrNil -0.22 +/-0.10
DrNi2 0.32 +/-0.12
DrNi3 -0.24 +/-0.05
SsS 0.000 +/-0.002
SsMo 0.004 +/-0.002
SsNi 0.010 +/-0.004
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Table S3.5 Fitting parameters for the Mo K-edge of Cu2Mo0sSs.

Parameter Value R-Factor
S02 0.80 Fixed

EO 9.52 +/-1.55

DrS1 -0.06 +/-0.03

DrS2 -0.04 +/-0.01

DrS3 0.01 +/-0.02

DrMol -0.06 +/-0.04 0.0117
DrMo2 -0.02 +/-0.01

DrCu 0.19 +/-0.54

SsS -0.002 +/-0.002

SsMo 0.001 +/-0.002

SsCu 0.010 +/- 0.006

Table S3.6. Thermodynamic cycles used to calculate the enthalpy of formation of MeyMo0sSs from Me
and MogXs (Me = Fe, Ni, Cu).

(AHgs1) MezMoeSs (s, 298 K) + 22(22.5)0; (g, 1073 K) > 2Me?* (sIn, 1073K) + 6Mo®* (sIn, 1073 K) +
8504%(sIn, 1073 K) + 12(13)0%*(sln, 1073)

(AHgs,2) Mo6Ss (s, 298 K) + 210, (g, 1073 K) > 6Mo°®* (sIn, 1073 K) + 850,%(sIn, 1073 K) + 1002 (sln,
1073 K)

(AH1) Me (s, 298 K) + 0.50, (g, 1073 K) > Me?* (sIn, 1073K) + O*(sIn, 1073 K)

(AHs,comp) YMe (s, 298 K) + M06Ss (s, 298 K) - MeyMogSs (s, 298 K)

AI"If,comp = - AHgs1 + AHgs 2 + YAH,
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Table S3.7. Thermodynamic cycles used to calculate the enthalpy of formation from elements of
MosSs and MeyMoSs (Me = Fe, Ni, Cu).

(AHgs,1) Me;MogSs (s, 298 K) + 22(22.5)0, (g, 1073 K) > 2Me?* (sIn, 1073K) + 6Mo®* (sIn, 1073 K) +
85047 (sIn, 1073 K) + 12(13)0*(sIn, 1073 K)

(AH1) Me (s, 298 K) + 0.50, (g, 1073 K) > Me?* (sIn, 1073K) + O*(sIn, 1073 K)

(AH2) Mo (s, 298 K) + 1.50; (g, 1073 K) > Me®* (sIn, 1073K) + 30%(sln, 1073 K)

(AH3) S (s, 298 K) + 20, (g, 1073 K) > SO4*(sln, 1073 K)

(AH¢e1) 2Me (s, 298 K) + 6Mo (s, 298 K) + 8X (s, 298 K) - Me2MogSs (s, 298 K)
AHgel = - AHgs + 2*AH1 + 6%AH; + 8*AH;

(AH4s,2)M06Ss (s, 298 K) + 210, (g, 1073 K) > 6Mo®* (sIn, 1073 K) + 8S04%(sln, 1073 K) + 1007 (sIn,
1073 K)

(AHs,e) 6Mo (s, 298 K) + 8S (s, 298 K) = Me>Mo6Ss (s, 298 K)
AHsel = - AHgs 2 + 6*AH, + 8*AH3

Table S3.8. Computational enthalpies of formation from elements, from intercalation of My into
MosSs, and from synthetic conditions for Mey,MoSg (Me = Fe, Ni, Cu).

Compound AH¢ (k)/gat) AHg 3.4y (k)/gat) AHg¢ 3.2 (kJ/gat)
MoeSs -71.09 6.01
Fe;MoeSs -66.22 -4.02 1.24
FeMoeSs -69.65 -3.29 2.32
CU2M0558 -63.75 -1.54 3.72
Ni2Mo0gSs -61.75 0.46 5.72
MoS; -89.96
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4. Chapter 4: Direct Solid-State Nucleation and Charge Transport
Dynamics of Alkali Metal-Intercalated M2MosSs (M = K, Rb, Cs)
Nanorods

Abstract

Microwave-assisted solid-state heating has been employed to control anisotropic growth of M2MogSs (M =
K, Rb, Cs) pseudo-Chevrel phase nanorods without a growth template for the first time. Pronounced
preferential crystal nucleation along the hexagonal axis is observed, and electrochemical methods are
implemented to elucidate viability for employment of these materials in energy storage and energy
conversion systems. It is observed that these nanomaterials exhibit capacitive behavior with charge storage
capabilities ranging from 2-8 F/g in strongly acidic aqueous electrolyte, as well as promising
electrochemical performance, evolving hydrogen gas at 10 mA/cm? under an applied bias of less than 300

mV vs. RHE.

Introduction

Molybdenum chalcogenides have attracted much attention over the years, owing to their compositional and
dimensional tunability that engenders a wide range of favorable chemical and physical properties. Two
dimensional molybdenum chalcogenides in the MX; family (M = Mo, W; X = S, Se, Te) have attracted
immense focus due to their composition-dependent electronic structure,*? as well as the plethora of
available synthetic methods with which researchers can achieve precise control of dopant density,®*
heterostructure growth,>’ and layer-dependent properties like indirect-to-direct band-gap transitions.®®
Three-dimensional molybdenum chalcogenides such as the MyMosXs (M = alkali, alkaline earth, transition,
or post-transition metals; y = 0-4; X =S, Se, Te) Chevrel-Phases (CPs) have been widely investigated as a
result of their electronic and structural properties that lead to favorable performance in interfacial electron-

transfer reactions like CO,, CO, and H* reduction.’®** In previous work, much promise has been attributed
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to CP chalcogenides owing to their favorably positioned Mo d-band and chalcogen p-band,'°*? which may
enable tunable small-molecule reduction reactivity and charge-transfer kinetics.** CPs have also been
successfully integrated in energy storage devices where multivalent cations are intercalated and de-
intercalated from the crystal lattice with impressively low coulombic restriction.***® Furthermore, these
ternary chalcogenides have found use in electronic devices where their thermoelectric and superconducting
properties can be exploited.}”*° With this work we introduce a facile synthetic method which yields an
analogous one-dimensional class of ternary chalcogenides with the composition MaMosSs (M = K, Rb, Cs)
(M2-PCP) that boasts intrinsically large surface areas as well as controllable interfacial electron-transfer as
a function of ternary element composition. The so called pseudo-Chevrel-Phases (PCPs) synthesized in this
work are of great interest, as they have strikingly similar compositions and electronic structures compared
to their cluster analogues as has been highlighted by Kibsgaard et al. and Vilfan et al. in earlier work on
these phases.?®?* Unlike their cluster analogues, however, PCPs are comprised of infinite one-dimensional
arrays of condensed molybdenum sulfide clusters as is shown in Fig. 4.1. These arrays are separated by a

metallic intercalant species that affords additional control over electronic structure and may allow for

Figure 4.1. (A) 1-dimensional structure of M:Mo0eSs (Alkali = Purple, Mo = Blue, S = Yellow) as
viewed perpendicular to the principle hexagonal axis with alkali intercalants surrounding MoeSs
wires, (B) Mo0sSs wire as viewed along the hexagonal axis, and (C) crystal structure representations
of the Chevrel parent phase where Mos clusters are significantly separated via Sg encapsulation, while
Mos units form a continuous chain surrounded by an S¢ “sleeve” in the PCP framework.
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similar control over PCP performance in various types of electronic device components.? The ability to
intercalate multiple different ternary species into these 1-dimensional materials opens the door for
modulation of their anisotropic electrical and optical conductivity,?* which is of potential importance for
nano-scale device integration that requires dimensionally controlled components that can enable
topological charge-transport and spatially resolved exciton separation.???® To date, synthetic routes for
ternary chalcogenide heterostructure growth are scarce, despite promise of these materials as integral
components in electronic and optical devices.?* Previous reports of PCP synthesis involve traditional solid-
state synthesis, including direct synthesis from the constituent elements or from thiomolybdate precursors,?
as well as ion-exchange from indium-intercalated precursors to form alkali intercalated PCPs.?® These
methods can be impractically time and energy intensive, and generally do not allow for scalable material
production. Herein we report the first instance of a template-free synthetic route toward nanorod PCPs,
wherein rapid microwave heating affords pure-phase, alkali metal-intercalated PCP materials with a high
degree of anisotropic crystal growth. To evaluate PCP compatibility with integrated, nano-scale electronic

devices which hinges on their unique 1-dimensional electronic properties, 2

in this work capacitive
charge storage and inner-sphere electron-transfer properties are evaluated electrochemically as ternary M
intercalant composition changes. Investigating electron transport properties in these chalcogenide materials

may be an important step in understanding functionality in monolithic device schemes.?

Experimental Methods

Materials: Rb (99.999% purity, elemental), Cs (99.999% purity, elemental), MoS; (95% purity, 325 mesh),
and graphite powder (99% purity, 125 mesh) were all used as purchased from Alfa Aesar. Mo powder
(99.995%, 250 mesh) and H,SO. were used as purchased from Sigma Aldrich. K.S (95%) was used as
purchased from Pfaltz and Bauer. Al,O3 microfiber was used as purchased from Thermo Fisher Scientific.
Fused quartz tubes were purchased from AdValue Technology and blown into round-bottom tubes using
an in-house oxyhydrogen torch. Nano-pure H>O (18.2 MQ) was obtained with an in-house Barnstead E-

Pure filtration system.
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Synthesis: All PCPs were synthesized using microwave-assisted solid-state methods described in our
previous work.'?® Briefly, stoichiometric amounts of precursors were weighed to within +/- 0.0010 g of
their target masses in a N2 glovebox according to the balanced reaction

2M + 3Mo + 3MoS, - M;MogSe (D)

and ball-milled under N2 until completely homogenized (8 h).

Table 4.1. Reagent masses used to obtain 250 mg precursor mixtures for microwave heating.

Composition Molar Mass (g/mol) | My Mass (g) Mo Mass (g) MoS; Mass (g)
K2M0sSs 846.292 0.0326" 0.0992 0.1182
Rb,M0sSe 939.032 0.0455 0.0766 0.1279
Cs2Mo06Ss 1033.906 0.0643 0.0696 0.1161

“K,S was used as the K source in K;M0sSs and was mixed according to the balanced equation
2K2S5+7Mo+5M0S,-2> 2K2M06Se, and the M, mass in this table highlights the mass of K>S rather than K.

Samples were then cold-pressed under N and sealed in 2 mm thick quartz round-bottom tubes under tightly
packed Al,Os; microfiber and graphite as depicted in Fig. S4.1 to prevent contamination by O, during
heating. Samples where then removed from the glove box and placed in a graphite bath inside multiple
layers of Al.O; insulating foam inside an Ar-filled conventional microwave with inverter technology
(Panasonic NN-SN651B) and irradiated at a power of 120-240 W for 10 minutes where a temperature of
~750 was held constant. In this reaction, graphite is acting as the microwave susceptor to rapidly yield large
amounts of thermal energy.? Reactions were immediately quenched in a room temperature water bath. We
note that handling of elemental Cs and Rb precursors can be hazardous even under inert N, atmosphere,
and significant precautions were taken to ensure any materials introduced to the glove box had been
sufficiently dried under vacuum prior to work with the alkalis. Moreover, due to the exothermicity of mixing
with sulfide precursors, care was taken to limit batch sizes to <250 mg at a time and MoS; was used as a
precursor rather than elemental S. To further circumvent issues arising from the particularly high

exothermicity of mixing Cs with MoS;, Cs and Mo precursors where first mixed under N2 prior to addition
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of MoS; and further mixing in order to dilute local concentrations of solid Cs in the ball mill cup. We also
note that K>S can be used as the potassium precursor for K-PCP synthesis owing to its ease of mixing.
Structural and Elemental Characterization: Crystal phase purity of as-synthesized PCPs was determined
via powder X-ray diffraction (PXRD) using a Bruker D8 Eco Advance diffractometer with Cu Ka radiation
(1.432 A), and powder diffraction patterns were compared with calculated patterns from the Inorganic
Crystal Structure Database (ICSD). Experimental lattice parameters were extracted via Pawley refinement
using the TOPAS suite from Bruker. High-resolution transmission electron microscopy (HRTEM) was
performed using a JEOL JEM-2100F microscope. Morphology of synthesized PCPs was evaluated via
scanning electron microscopy (SEM) using a FEI (Hillsboro, Or) Nova NanoSEM 430, while bulk
composition was evaluated via energy-dispersive X-ray spectroscopy (EDX) using a FEI Scios Dual Beam
FIB/SEM with an Oxford EDX detector.

Electrochemical Characterization: All electrochemical analyses were performed using a Bio-Logic VSP-
300 potentiostat with custom three-electrode cells in an H-shaped configuration (Fig. 4.2) where Ag/AgCl
reference electrodes and Pt mesh counter electrodes were used in all cases. Conductive inks of all
synthesized PCPs were made by mixing each PCP with carbon black, polytetrafluoroethylene (PTFE)
suspension, and isopropyl alcohol. A blank ink was also mixed for reference that contained no PCP. These
inks were sonicated for 30 minutes prior to deposition onto conductive carbon substrates. 10 uL of each ink
was deposited on the bottom half of 1 x 2 cm pieces of conductive, micro-structured Toray carbon paper
purchased from Fuel Cell Store, and was then dried under vacuum prior to introduction into an
electrochemical cell. This method allowed for control over the exact mass of PCP that was deposited on

each electrode. All experiments herein were performed using 0.5 M H,SOj4 electrolyte in both the working
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Figure 4.2. Schematic representation of the H-shaped three-electrode configuration that was
implemented in all electrochemical experiments.

and counter electrode compartments. The electrolyte was de-oxygenated via purging with high-purity Ar
for ~30 minutes prior to each experiment. The electrochemically active surface area and specific
capacitance of all ink-deposited electrodes were both determined by observing the scan-rate dependence of
the capacitive charging current in cyclic voltammetry experiments where scans were centered 0.1 V around
the open circuit potential, as this was found to be a non-faradaic region for all of the electrodes. Resistance
to charge transfer was determined via potentiostatic electrochemical impedance spectroscopy (PEIS) with
an applied DC bias ranging from -0.5 V vs. RHE to -0.9 V vs. RHE and an AC bias with 10 mV sinus
amplitude ranging from 1 MHz to 10 mHz. Nyquist plots relating imaginary and real components of
observable impedance were analyzed with the simplification that interfacial charge-transfer proceeds
according to a Randle circuit that involves a capacitive component, a solution/circuit resistance component,
and a charge-transfer component. Hence, resistance to charge transfer was taken as the semi-circular
diameter of the Nyquist plots. Hydrogen evolution behavior was observed via linear sweep voltammetry
(LSV) where external potential was varied from 0.0 V' vs. RHE down to -1.0 V vs. RHE for each ink, and
current density normalized with respect to surface area was measured. Overpotential was taken as the
potential required to achieve a current density of 10 mA/cm? , while Tafel slopes were determined using

the linear region of overpotential versus log(current density) plots.

122



Computational Methods: Density functional theory calculations (as implemented in the Vienna Ab initio
Simulation Package (VASP))*® were used to calculate the surface energies of relevant M,MoeSs facets.
Initially, the bulk lattice is optimized using the PBE-functional (using 700 eV plane-wave energy cut-off,
4 x 4 x 8 K points);* the predicted lattice constants are in good agreement with experimental values. Slab
models for the <010>, <110> and <001> facets are used to calculate the surface energy using the methods
of Fiorentini and Methfessel.®? For these slab calculations, the reciprocal space was sampled using 3 x 3 X
1,6x3x1and 2 x 6 x 1 K-points for <010>, <110> and <001> facets, respectively. All surface calculations
were performed using the PBE functional and 520 eV plane-wave energy cut-off. The structures were

optimized until the forces on each atom were lower than 0.03 eV/A.

Results and Discussion

We have demonstrated that the synthetic method described herein is effective in yielding crystalline
M2MoSs nanorods as shown in the electron micrographs in Fig. 4.3a-c. As shown in Fig. 4.3d-f, the PXRD
patterns for each PCP are in close agreement with literature, illustrating a hexagonal crystal structure for
each PCP. In addition, reaction times using this synthetic method have been reduced to 5-10 minutes owing
to rapid conversion of microwave radiation into thermal energy, thereby drastically reducing required
energy input in comparison to traditional solid-state methods.* Hence this work offers the first account of
direct nucleation of nanostructured Pseudo-Chevrel Phase materials using high-temperature solid-state
methods, and indeed represents one of the first known successes in direct solid-state formation of a ternary
nanorod material. We speculate that the successful nucleation of these rods can be attributed to one of two
potential crystal growth mechanisms: 1) strongly oriented crystal growth may be driven by an
insurmountable difference in interfacial energy between “solid” and “liquid” PCP, and the volume energy
which results upon changing from liquid to solid phase,® or 2) favorable surface free energies for the
exposed <010> and <110> facets that drive self-propagating 1-dimensional growth.***¢ Density Functional

Theory calculated surface energies for the <010>, <110>, and <001> surfaces confirm the latter hypothesis,
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Figure 4.3. (A)-(C) SEM images for as-synthesized K-PCP (A), Rb-PCP (B), and Cs-PCP (C), (D)-(F)
Indexed PXRD patterns overlaid with literature patterns from the International Crystal Structure
Database (ICSD) for K-PCP (D), Rb-PCP (E), and Cs-PCP (C).

with the <010> and <110> surfaces exhibiting drastically lower surface energies at ~0.37 eV/formula unit

and ~0.93 eV/formula unit, respectively. These surfaces that exist parallel to the observed one-dimensional

growth direction are significantly lower than the <001> surface that exhibits a surface energy of ~4.19

eV/formula unit. This is illustrative that surface energy is indeed a strong driving force for the anisotropic

nucleation observed for this solid-state reaction. The surfaces of interest can be seen in Fig. 4.4, where the

Table 4.2 Results of computational surface energy modeling for K,-PCP <010>, <110>, and <001>

surfaces.

Surface energy

Facet (eV/ Formula Unit)
<010> 0.37
<110> 0.93
<001> 4.19
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<001>

Figure 4.4. Crystal structure representations for each surface for which computational free energies
were determined, illustrating an increasing number of broken bonds in moving from (A) <010>, to
(B) <110>, and finally to (C) <001>. In each case, the compass shows that the unit cell is oriented
such that the lattice plane is parallel to the viewing perspective.

<010> (Fig. 4.4a) surface clearly requires bisection of fewer bonds than either <110> (Fig. 4.4b) or <001>
(Fig. 4.4c) and yields a more coordinated, more stable interface. The results of this modelling are shown in
Table 4.2.

From lattice parameters extracted via Pawley refinement (Fig. S4.4) and tabulated in the supporting
information in Table S4.1, it is apparent that unit cell parameters for each of the hexagonal PCPs studied
here are in good agreement with literature values, with lattice parameters for each of the P63/m (176)
structures within 0.19% of expected values.®” The highest error, belonging to the Cs-PCP, is attributed to
the relatively poor Rwe 0f 16.21 that can be ascribed to the lower signal-to-noise ratio in the corresponding
diffraction pattern— likely the result of a slightly lower degree of crystallinity. We observe via HRTEM as
shown in Fig. S4.3 that the <010> and <110> facets of Rb-PCP and Cs-PCP are exposed, although no
lattice resolution was achieved for K-PCP owing to the increased rod thickness which prevented efficient
transmission. Lastly, we do not observe that this method of heating introduces any bulk impurity, as
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evidenced by the EDX point scan spectra in Fig. S4.4 which indicate the presence of only Mo, S, and each
respective alkali metal. Alkali composition was quantified via point scans at three distinct locations on rods
of each PCP that were averaged together, yielding atomic percent compositions in a range from 13.12%-
15.02%, as would be expected for the M2Mo0sSs composition within instrumental error ~1%. To confirm
the uniformity of elemental distribution in as-synthesized nanorods, EDX line scans and two-dimensional
EDX maps were aquired for isolated rods of each M2-PCP and the results are shown in Fig. S4.5-54.10.
These scans indicate that alkali metal distribution scales directly with Mo and S distribution in the rods,

and there is no obvious deficiency in any constituent element at the tips or along the lengths of the rods.
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Figure 4.5. Scan-rate dependent cyclic voltamograms performed in 0.5M H,SO, for (A) a blank ink

without PCP, (B) K-PCP, (C) Rb-PCP, and (D) Cs-PCP. Voltammograms were collected in a region
+/- 0.1V from each electrode’s open circuit potential, as this region is generally non-Faradaic and
therefore measured currents accurately represent purely capacitive charging. To ensure reliable
statistics, CVs similar to the ones shown here were repeated for at least 6 electrodes of each ink.
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In the series of M»-PCPs, it was found that specific capacity measured via cyclic voltammetry as
shown in Fig. 4.5 and Fig. 4.6 scaled well with alkali metal electro-positivity (K<Rb<Cs), as Cs-PCP
exhibited significantly higher charge storage at 8.45 F/g, compared to Rb and K at 6.34 F/g and 1.48 F/g,
respectively (Fig. 4.7a). Indeed, resistance to electrochemical charge transfer determined by EIS as shown
in Fig. S4.12 for the adsorption of H™ and subsequent reductive evolution of H, gas was highest for Cs-PCP
at 6.03Q, followed by Rb and K at 5.88Q and 4.18Q, respectively (Fig. 4.7b). This indicates that in an

electrochemical water splitting device where the reduction half-reaction is given by Eq. 2.
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Figure 4.6. Examples of oxidative and reductive charging currents for (A) PCP-free blank ink, (B)
K-PCP, (C) Rb-PCP, and (D) Cs-PCP. Capacitance is taken as the average of the absolute value for
both positive and negative slopes in each case. In some experiments, 200mV/sec scans resulted in a
large amount of noise, and are excluded on a case by case basis. Average capacitance values shown
here represent the values for these specific scans, and are not the average values following replicated
scans as reported in the main text. Average values for double layer capacitance are reported in Figure

S3.11.
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Figure 4.7. (A) Specific capacitance per gram of M,PCP, calculated using double layer capacitance

and known mass loading onto a conductive carbon substrate, (B) Resistance to electron-transfer of
MPCP inks in a 0.5M H,SO, solution under multiple applied potentials vs RHE, (C) Polarization

curves obtained via linear sweep voltammetry for M,PCP inks as well as for a blank ink, all
submerged in 0.5M H,SO,, and (D) Tafel plots for M.PCP inks along with a blank ink for reference,

further illustrating the current-potential response of each ink acting as a catalyst for the Hydrogen
Evolution Reaction (HER).

2H" @ +2e > Ha (g 2

K-PCP is likely to be the most efficient material, owing to its lower tendency to resist charge transfer to H*
to form H; (4.18Q2), while Cs-PCP would require unnecessarily high input voltages to maintain comparable
rates of H, production, due to its higher barrier for inner-sphere electron transfer that is required for proton
adsorption. However, the higher resistance to charge transfer for Cs-PCP (6.03Q) in an electrolyte that is
highly conducive to electron transfer is indicative that Cs-PCP can perform well as an aqueous capacitor.
This is also in good agreement with the significantly higher specific capacitance (8.45 F/g) for Cs-PCP in
comparison to K-PCP (1.48 F/g). In impeding interfacial charge transfer to H* in 0.5M H,SOy, it can be

inferred that Cs-PCP will preferentially mediate alternative small-molecule conversion reactions wherein
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hydrogen gas evolution is an unwanted side reaction such as CO; reduction and N2 reduction. This
speculation warrants further investigation, although we do not explore such a possibility in the present
work.

In addition to Nyquist plots that allow for direct extraction of charge-transfer resistance, Fig. 4.8
and Fig. 4.9 give the phase angle response and impedance magnitude response for each electrode,
respectively, as functions of AC oscillatory frequency. These plots indicate that at mild applied DC bias
and low frequency, (log(w) ~ 0-2) a diffusion-controlled Warburg impedance element exists with a

frequency dependence that can be expressed as

-
zy =222 ®)
with
RT 1 1
0= Zriavs (C\/D_ + c*wn—,) (4)

where Zy is the Warburg impedance, o is the Warburg coefficient, j is the imaginary term, w is the radial
frequency, C* and D represent concentrations and diffusion coefficients for oxidized and reduced species
— H" and H; in this case—and n represents the number of electrons associated with the electrochemical
reaction. We observe from these plots that regardless of applied potential, current response during EIS
measurements remains firmly controlled by diffusion for the blank electrode owing to the kinetically
hindered electron-transfer that leads to poor mass-transport of H" and H to and from the electrode interface,
respectively. However, we observe that upon application of an increasingly reductive DC bias, each of the
PCP catalyst-loaded electrodes exhibits a drastically reduced impedance modulus at lower oscillatory
frequencies, suggesting that neither adsorption/desorption kinetics nor oxidant/reductant diffusion are
significantly limiting the observed current response.

In terms of reaction energetics, K-PCP is the most effective catalyst in its class for electrochemical

H* reduction, as the overpotential required to achieve a current density of 10mA/cm? is 270mV, whereas
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Figure 4.8. Phase angle response during potential-dependent EIS experiments for (A) PCP-free blank
ink, (B) K-PCP, (C) Rb-PCP, and (D) Cs-PCP where o is the AC bias frequency.

Rb-PCP and Cs-PCP require overpotentials of 349mV and 328mV, respectively, in order to achieve
10mA/cm? (Fig. 4.7¢). While this result of Cs-PCP seemingly outperforming Rb-PCP is surprising owing
to the higher charge transfer resistance of Cs-PCP in comparison to its Rb analogue, we note that these
overpotential values are very close within experimental error as reported by a single standard deviation in
Fig. S4.13a, and we do not therefore draw any conclusion that Cs-PCP mediates the HER at significantly
milder operating voltages. We observe a strikingly similar trend in Tafel slope which relates applied
potential to catalytic current on a logarithmic scale and is a widely accepted descriptor for catalytic activity.
As shown in Fig. 4.7d and Fig. S4.13b, we observe that K-PCP is the most efficient mediator of H*

reduction, with a shallow Tafel slope of 51.9mV/dec, followed by Rb-PCP and Cs-PCP which exhibit
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Figure 4.9. Impedance modulus response during potential-dependent EIS experiments for (A) PCP-
free blank ink, (B) K-PCP, (C) Rb-PCP, and (D) Cs-PCP where o is the AC bias frequency. Low
frequency regions in all cases exhibit potential-dependent diffusion control, evidenced by the ~45
degree response of the impedance modulus.

steeper and therefore less desirable Tafel slopes of 75.6mV/dec and 68.0mV/dec, respectively. Again, Rb-
PCP and Cs-PCP are similar within experimental error, which may be a result of presently unexplored
surface-dependent thermodynamic and kinetic properties such as variable H* adsorption strength on sites
in different facets of Rb-PCP versus Cs-PCP which can feasibly dictate the overall rate of reaction, although
K-PCP is the clear outlier and consequently represents the more promising electrocatalytic composition of

all three M,-PCPs studied.
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Conclusions

We have achieved microwave-assisted solid-state synthesis of a ternary nanomaterial without a template or
catalyst for anisotropic crystal nucleation. To the best of our knowledge, this is the first of such accounts.
We have applied this time- and energy-efficient method to a promising chalcogenide composition wherein
alkali metal intercalation can be controlled such that the charge storage and electron-transfer properties are
directly affected. When intercalated by potassium, the 1-dimensional MosSe structure readily allows
interfacial electron-transfer to electrolytic protons through the hydrogen evolution reaction, while
intercalation by Cs leads to a significant increase in charge storage capacity and a resulting high barrier
toward charge transfer. In order to deconvolute intrinsic electronic structure versus morphological effects
on charge storage capacity, fine control over average nanorod size must likely be coupled with
computational and/or spectroscopic evaluation of the composition-dependent M>MogSs band structure. A
more detailed quantification of the effect of alkali metal electropositivity on electronic structure will
ultimately lead to the extraction of useful descriptors for material performance that can be applied to other
electronics applications, and this type of elucidation will be a focus of future work related to this family of
nanomaterials. For example, quantifying the effect of alkali metal on the currently unknown interfacial
kinetics of hydrogen evolution reactivity is an important knowledge gap to address with further systematic
evaluation. Further development of composition-structure-function relationships in the expansive transition
metal chalcogenide space will elucidate new modalities in controlling charge-transport dynamics and
potentially in controlling exciton localization in low-cost, dimensionally reduced, and environmentally

benign frameworks.

Supporting Information
Reaction diagram, PXRD refinement results, TEM images, EDX line scans, Nyquist plots, figures of

merit, PXRD lattice parameters.
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Supporting Information

Al,0; Insulation

Figure S4.1. Schematic illustration of the synthetic method wherein the fused quartz reaction vessel
is packed tightly with microfibrous Al,O, and a layer of sacrificial graphite in order to isolate

compressed pellets with M,Mo_S; stoichiometry under an inert atmosphere during heating. The
entirety of the far-right figure is placed in a microwave chamber under continuous flow of Ar.

136



......... Data weeeeeee Data
Fit Fit
- Difference| — Difference
=] >
< < ;
€ S \ i ) :\
c c e N
g 1s 120 125 2 B
_— E 10.5 1.0 15 12.0
o P63/m | Q P63/m
'a_g Ryp=6.84 g ; Rwp=9.37
& ! i « l i
N—-J~__._,_~.,-'.._.....___i_......;i\...l‘..k._}\.-'....-'-_....'-.ﬁ.w.__‘u b Al AR A hn ]
L L) L} L L] 1] L] T 1 b L - L) L}
10 20 30 40 50 60 70 10 20 30 40 50 60 70
20 (Degrees) 20 (Degrees)
Cs,MoS,
......... Data

- - Fit

:i Difference

<

;03‘ ‘f

7]

[ =

9 "

E 10.0 105 1.0 15 P63/m

S Rwe=16.21

© g

E \J ! i % i

UMLJ LYY
L} ¥, 1 b L] y T L 1

40
20 (Degrees)

50 60

Figure S4.2. PXRD patterns used for Pawley refinement (black dots), along with their calculated
patterns (red line) and the difference curve (grey line) for all three PCPs studied. Insets in each case
contain the characteristic (010) peak of the PCP crystal system illustrating a relatively large degree
of asymmetry, consistent with many low-angle diffraction peaks.
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Figure S4.3. Lattice-resolved TEM images for Rb-PCP and Cs-PCP that illustrate the (010) and (110)
directions, respectively. K-PCP was omitted owing to the thickness of K-PCP rods preventing
required levels of transmission for lattice imaging.
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Figure S4.4. EDX spectra for (A) K-PCP, (B) Rb-PCP, and (C) Cs-PCP, illustrating no bulk
elemental impurities for the rods synthesized here, and no significant evidence of bulk oxidation as
might be expected from a nano-scale chalcogenide. Average alkali metal atomic percent compositions
for each M,-PCP are listed and are in good agreement with expected values within the error of EDX

guantification, although Mo/S composition is omitted owing to strong overlap between Mo Lal and
S Kal lines which convolutes their quantification.
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Figure S4.5. Result of EDX mapping of an individual K-PCP nanorod, performed with an
accelerating voltage of 10 keV and beam current of 3.2 nA, illustrating uniform elemental
distribution throughout the entirety of the rod. The corresponding line scan is shown in Figure

S4.6.
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Figure S4.6. EDX line scan for the isolated K-PCP nanorod shown in Figure S4.5. Constituent
element signals scale with sample thickness under the electron beam, and is uniform along the length
of the rod. The scan position represented by a yellow line in the corresponding SEM (A) has been
aligned to scale with the position axis in (B).
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Figure S4.7. Result of EDX mapping of an individual Rb-PCP nanorod, performed with an
accelerating voltage of 10 keV and beam current of 3.2 nA, illustrating uniform elemental
distribution throughout the entirety of the rod. The corresponding line scan is shown in Figure S4.8.
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Figure S4.8. EDX line scan for the isolated Rb-PCP nanorod shown in Figure S4.7. Constituent
element signals scale with sample thickness under the electron beam, and is uniform along the length

of the rod. The scan position represented by a yellow line in the corresponding SEM (A) has been
aligned to scale with the position axis in (B).
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Figure S4.9. Result of EDX mapping of an individual Cs-PCP nanorod, performed with an
accelerating voltage of 10 keV and beam current of 3.2 nA, illustrating uniform elemental distribution
throughout the entirety of the rod. The corresponding line scan is shown in Figure S4.10.
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Figure S4.10. EDX line scan for the isolated Cs-PCP nanorod shown in Figure S4.9. Constituent
element signals scale together with sample thickness under the electron beam. Intensity of each
component decreases from ~0.6 um onward owing to decreased thickness of the rod. The scan
position represented by a yellow line in the corresponding SEM (A) has been aligned to scale with the
position axis in (B).
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Figure S4.11. Double layer capacitance for each of the inks studied herein, taken as the average slope
of all repeated current versus scan-rate plots.
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Figure S4.12. Examples of Nyquist plots for (A) PCP-free blank ink, (B) K-PCP, (C) Rb-PCP, and
(D) Cs-PCP that were used to determine interfacial charge transfer resistance. Using a Randle circuit,
resistance to charge transfer is taken as the difference between extrapolated x-intercepts at low AC

frequency (right side) and at high frequency (left side).

147



A B 200
~ 800- T
= =
< © 150
K=}
§ 600 - S
& %100
S 400- s
S »
° 3
o S
5 200 & o
>
o
0- 04
Blank K Rb Cs Blank K Rb Cs

Figure S4.13. (A) Average overpotential required to achieve a current density of 10mA/em” for all
four inks, and (B) Average Tafel slope calculated for all four inks. In both figures, error bars
represent a single standard deviation.
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Table S4.1 Compiled lattice parameters extracted via Pawley refinement for M,Mo

with literature values.

S

676’

compared

B
Y

Cell Volume

B
Y

Cell Volume

B
Y

Cell Volume

8.7346
8.7346
4.4136
90
90
120

291.61

8.9553
8.9553
4.4046
90
90
120

305.912

9.2518
9.2518
44114
90
90
120

327.008

K,Mo0¢S¢
8.7204
8.7204
4.4076
90
90
120
290.27
Rb,MoS;
8.9589
8.9589
44114
90
90
120
306.63
Cs;MogSg
9.269
9.269
4.419
90
90
120

328.86

0.16%
0.16%
0.14%
0.00%
0.00%
0.00%
0.46%

-0.04%
-0.04%
-0.15%
0.00%
0.00%
0.00%
-0.23%

-0.19%
-0.19%
-0.17%
0.00%
0.00%
0.00%
-0.56%
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