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Supporting Information

Experimental Methods

The molybdenum sulfide and TM phosphide thin films were synthesized using previously
reported methods.'? First, ten nanometers of the TM were deposited onto a silicon substrate using
electron beam physical vapor deposition. For the TM-doped molybdenum samples, the films were
deposited with a Mo:TM ratio of 3:1. Subsequently, a vapor-assisted process in a tube furnace
converts the metal thin films into the corresponding TM sulfide or phosphide. The molybdenum
thin films convert to the sulfide when heated to 250 °C under a mixture of Hz and H.S gas (Caution:
H>S is a highly toxic gas. Both H>S and H are flammable gases). To convert the samples to
phosphides, the metal thin films and a sample of red phosphorus were heated in a tube furnace
while flowing Hz gas (Caution: Red phosphorus is a highly flammable solid with an auto-ignition
temperature as low as 260 °C. H, is a flammable gas).! X-ray photoelectron spectroscopy
confirmed the formation of the ionic materials based on the presence of a phosphide peak in the P
2p region, a sulfide peak in the S 2p region, and appropriate metal oxidation states which were
consistent with previous reports.}? The materials were evaluated for CO2R activity in CO2 sparged
0.10 M KHCOs using a previously described flow cell.? The synthesis for nanoparticulate catalysts
is reported elsewhere.*® Briefly, tri-n-octyphosphine (TOP) was added as a phosphorus source in
equal volume to a 1:1 mixture of 1-octadecene and oleylamine. This mixture was heated to 120 °C
under vacuum for 1 hour in a three-necked round-bottom flask equipped with a reflux condenser.
The mixture was then heated to 330 °C under Ar and premade metallic nanoparticles suspended
in degassed TOP were added and solution was stirred for 1 hr. The resulting solution was then
cooled to room temperature, centrifuged and washed with a mixture of hexanes and isopropanol.

The resulting nanoparticles were then suspended in hexanes under N2. To prepare a working
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electrode, this suspension was drop cast onto a pyrolytic graphite plate at a loading of 1 mg/cm?.
The electrodes were then annealed under 5% H2/N2 at 400 °C for 1 hr. Thin films of SnS were
synthesized using literature procedures.”® Briefly, bulk SnS powder was dissolved in 11:1 vol/vol
mixture of ethylenediamine and 1,2-ethanedithiol at 50 °C for 15 h at a concentration of 60 mg
mLL. Solutions were then filtered using a 0.45 pm filter and spin coated onto FTO substrates.
Samples were then annealed on a hot plate at 350 °C under flowing N2 and finally at 500 °C in a
tube furnace with flowing N to increase robustness for electrochemical measurements.’?
Computational Methods

We have employed QUANTUM ESPRESSO code for total energy calculations, with
plane-wave and density cutoffs of 500 and 5000 eV, respectively. K-point sampling grids of (2 x
2 x 1) for sulfide surfaces and (4 x 4 x 1) for phosphide surfaces as well as a 0.1 eV Fermi-level
smearing were chosen based on convergence tests from previous work. All calculations
implemented the Bayesian error estimation Functional with Van der Waals correction (BEEF-
vdW) exchange correlation functional. All structures were relaxed until all force components were
< 0.05 eV AL In addition, spin-polarized calculations were performed for all systems containing
Ni, Fe, and Co. For sulfide surfaces, a monolayer of water and explicit H3O* were used to
determine electrochemical transition state for CO protonation to CHO. Barriers were determined
using the climbing image nudged elastic band (NEB) method,® and a charge extrapolation
method*®*! was used to determine the potential dependence of the electrochemical barriers. As
detailed by Chan and Ngrskov,'! a Bader analysis? was applied to determine the degree of charge
transfer across the electrochemical interface at the transition states, which provides the

corresponding transfer coefficients. For further calculation details, lattice constants, and
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optimization parameters for both phosphides and sulfide surfaces, see corresponding references.'*
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Figure S1. X-ray photoelectron spectra of MoP prior to (a) and after (b) electrochemical testing.
Peaks attributed to Mo®" and P* are identified.® X-ray photoelectron spectra of MoS; prior to (c)
and after (d) electrochemical testing. Peaks corresponding to Mo** and S? are identified.? Note
that neither the pre- nor the post-reaction characterization necessarily reflect the surface under
electrochemical conditions. Oxidized species at the surface could be reduced at the negative
potentials applied during electrolysis. After the electrolysis finishes, the sample briefly returns to

its open circuit value in the electrolyte before being removed to the atmosphere and transferred to
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the XPS. During this transfer process, the surface of the material could become oxidized relative
to its state under electrochemical conditions. To understand the actual surface during CO2R

conditions, in situ characterization would be required.

S7



1.0

o~ BCO Coverage
> N
\G_)/ 0.5 | @H Coverage
5

0.0
— ) [ ) ®
2 o
c
L -05
(@)]
< a0t
O
S 15 . -
m 0

H |
-2.0
0 1 2 3 4 5 6

# Occupied Sites
Figure S2: CO preferentially adsorbs on the metal sites of the CoP surface. While the *CO

binding energy decreases slightly with increasing *CO coverage, it is only when all Co metal
sites are saturated and the *CO is forced to occupy a P-site that the binding energy weakens
substantially. It is possible that at steady state, the CoP surface is operating at higher coverages
of *CO than addressed in the DFT thermodynamic analysis. Full kinetic analysis would be

required to determine true steady state coverages.
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Figure S3. Panel (a) shows CO bound to a phosphorus site on the CoP surface. Panel (b) shows

CO bound to a metallic Co site on the same CoP surface.

Charge density differences are defined so that:

Ap = Psurf+ads — Pads — Psurf
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where pgqq is the charge density of the gas phase adsorbate, pg,, s the density of the pristine slab,
and peyrsrqas the density of the adsorbed system. Therefore, Ap represents the charge transfer

between the adsorbate and slab. In these calculations, the full system is fully relaxed, and a single
point charge density calculation is then calculated for each density component. Red volumes
represent regions of decreased electron density, while blue volumes represent regions of increased
electron density. All isosurfaces are visualized in VMD and taken at +/- 0.001 isovalues
(e Bohr ). For CO bound to metallic sites, significant stabilization is seen in comparison to CO

bound to P-sites. This may be attributed to CO back-bonding.
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Table S1. Complete Product Distribution for All Tested Catalysts
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Figure 3a

Figure 3b
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-1.369
-0.645
-1.078
-0.836
-0.604
-0.62
-0.28



Figure 4d

Ni-MoS2 MoS2
Work Function Ga(eV) Work Function Ga(eV)
(eV) (eV)
0 -0.8 0 -0.04
4 1.09 4 1.35
8 2.98 8 2.75

The values in this table are derived using methods detailed in work by Chan et al.*® This
process involves performing a nudged elastic band calculation to define the barrier between an
initial and final state. Upon convergence, the energy, work function, and charge of the initial,
transition, and final states are calculated. Using a simple capacitor model of the interface and these
calculated quantities, you can relate the energy of the transition state to potential via a linear
relationship; this method is implemented to correct for inherent errors introduced by using finite-
sized charged cells in DFT calculations.

Recall that the work function is related to the absolute potential vs. the standard hydrogen
electrode where 4.4 eV is the experimentally determined value of ®gyg.

O — 4.4¢eV

Uspg = o

After determining the linear relationship between potential and the activation energy, Ga, we can
find the barrier at 0 VV on an RHE scale. We assume a pH of 7 and evaluate the relationship between
activation energy and potential at the appropriate work function (correspondsto a ® = 4.4 eV —
0.059eV x7 = 4.0 eV).

G =047 +«P —0.8eV

aMoS2

G =0.35xd —0.04 eV

aNiMoS2

Therefore:

Gapos, (0 V vs RHE,pH 7) = 0.47 x 4.0 eV — 0.8 eV = 1.09 eV

S22



The dependence of the barriers on applied potential are determined using the calculated transfer
coefficients (0.47 and 0.35 for MoS; and NiMoS; respectively). These transfer coefficients are
calculated from the charge of the transition state compared to the initial state. We typically assume
a barrier of 0.75 eV as a threshold for facile kinetics. Since the activation energy scales with
electrons transferred, potential, and the transfer coefficient, we can find the barrier at a given
applied potential below 0 V vs. RHE. For example, if we want to determine the potential which
must be applied to achieve facile kinetics:

G = 1.09 eV + (0.47 * Upyg)

aMoS2

G = 1.35 eV + (0.35 * Ugyg)

aNi—MoS2

We find in the case of MoS», -0.72 V corresponds to a Ga = 0.75 eV.

Figure 4e
FCC (211)
Eco (eV) Ga(eV)

-0.22 0.86
-0.29 0.95
-0.81 0.97
-1.75 1.56
-1.79 1.58
-1.87 1.73

FCC (111)
-0.1 1.05
-0.03 0.98
-0.5 1.34
-1.49 1.89
-1.88 2.1

MoS:

-0.37 1.09

Ni-MoS:2
-0.67 1.35
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