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Abstract

The formation of C-S bonds is an important step in the synthesis of pharmaceutical, biological,
and chemical products. A very attractive green route to C-S bond containing species would be
one driven through electrocatalysis using abundant small molecule precursors but examples
within this context are largely absent from the literature. To this end, this work demonstrates
the use of CO, and SO;* as cheap building blocks that couple on the surface Cu-based
heterogeneous catalysts to form hydroxymethanesulfonate, sulfoacetate and methanesulfonate
for the first time, with Faradaic efficiencies of up to 9.5%. A combination of operando
measurements and computational modelling reveal that *CHOH formed on metallic Cu is a key
electrophilic intermediate that is nucleophilically attacked by SOs* in the principal C-S bond
forming step. In all, the proof-of-concept for electrocatalytic C-S bond formation and
mechanistic insights gained stand to substantially broaden the scope of the emerging field of
electrosynthesis.



Introduction

In light of the ever-growing consequences of fossil fuel consumption, the development of green,
low-emitting technologies like electrosynthesis is becoming increasingly important. The last
decades of work in this field have focused on water electrolysis' to produce H as an energy
vector and chemical feedstock as well as CO, reduction®® to generate carbon-based fuels and
commodity chemicals. However, these two classes of products do not fully meet the needs of
society and the chemical industry. Against this backdrop, a recent push in the field of
electrocatalysis has been to expand the scope of products that can be generated from abundant
building blocks (e.g. CO,, N», H»O...)* and this includes directions such as H,O»
electrosynthesis from water and O,> N, reduction for NH; production,® and the formation of
products with C-N bonds.’

Despite sulfur’s abundance on earth and the importance of molecules with C-S bonds in
biology,®® pharma,'® agriculture,!! battery technologies'? and optoelectronic materials,'> the
electrosynthesis of such species remains unexplored. Though the organic chemistry of C-S bond
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formation is established with strategies such as Diels-Alder reactions,’
sulfonation'>!® and sulfa-Michael addition!’, they face limitations of complex synthetic
methodology, toxic byproducts/solvents and scalability limits thus hampering their sustainable
implementation in the chemical industry at large. In contrast, renewable energy-driven routes
have begun to be explored with photochemical C-S bond formation as an example that has been
attained with carbon nitride photocatalysts in which C-S coupling occurred through radical-
based routes'® or through the addition of H>S onto C=N bonds."” Methane sulfonation under
high pressure conditions, presumably through radical-based C-S coupling in the electrolyte, has
also begun to be explored.?’ However, direct electrochemical C-S bond coupling under ambient

conditions using starting reactants like CO», is still to be realized.

Recently, our lab and others in the field has shown the capacity for electrochemical C-N bond
generation using CO, and small molecule N-sources (e.g. N2, NO3", NO2", NHs...).2""** These
reactions primarily proceeded through the reduction of CO; to form an activated electrophilic
intermediate and subsequent coupling with a (near-)surface N-containing nucleophile. This
extension of electrochemical routes enabled the build-up of higher-value, complex products
than those simply available through CO> reduction. With this in mind, we hypothesized that C-
S coupling should also be possible through a similar pathway as sulfur and nitrogen should
have similar properties from the diagonal relationships found within the periodic table.?® Thus,
we moved to translate our methodology to C-S bond formation in a similar reaction setup. As
a starting point, we used Cu-based catalysts®® as a model system to generate activated
electrophilic intermediates from CO, and SO as a representative S-based nucleophile (Fig.
1). Doing so, we established new reaction pathways to hydroxymethane sulfonate (HMS),
sulfoacetate (SA) and methane sulfonate (MS) products via electrochemical C-S coupling with
up to 9.5% Faradaic efficiency (FE). These products have use as cement additives and
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membrane components (SA),?”? electrolytes and agents in organic synthesis (MS and

within various facets of the textile industry (HMS).*



To investigate the reaction pathway and extract out mechanistic insights translatable to future
works, we carried out a combination of operando experiments (performed while the reaction
was occurring) and computation modelling which pointed to *CHOH coupling to SOs> as a
likely rate-limiting step. Crucially, this work introduces C-S bond formation in an expansion of
the scope of sustainable electrosynthesis and opens up potential avenues for C-S chemical
production from abundant sources and powered via renewable electricity.
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Figure 1. End-use applications of C-S bond containing products with several representative
molecules and illustration of electrochemical C-S bond formation from CO, and SOs* building
blocks.

Result and discussion.

As a starting point, cuprous oxide catalysts were synthesized via a simple room-temperature
route (Fig. S1,2).33 A catalyst ink from these materials was loaded onto a standard gas diffusion
layer and was used as the working electrode in a modified gas-diffusion half-cell configuration
(Fig. S3). In this setup, CO, was fed through the gas phase directly to the gas/catalyst/electrolyte
interface, thereby promoting CO; reduction by circumventing its solubility limits and enabling
the use of alkaline electrolyte (1 M KOH) which suppressed the hydrogen evolution reaction
(HER). 200 mM SOs* as the sulfur source was added directly to the aqueous electrolyte.
Screening of possible products in the NMR spectra revealed that HMS, SA and MS were formed
as 6¢, 8¢ and 8¢ products (Fig. 2a and S8, 9).

While enabling new reaction pathways, the presence of sulfite decreased the total current
density (Fig. 2b) and favored the production of liquid products in from CO> reduction (Fig. 2c).
Across the measured potential range, the FE for detected C-S products ranged from 4.7-9.5%
(Fig. 2d) and the partial current density for each only modestly increased with more negative
potentials (Fig. 2e). This weak dependence on product formation with applied potential
potentially indicates that a chemical, rather than electrochemical step may be rate-determining.
The production of HMS, SA and MS from CO, and SOs* represents three new reaction
pathways and opens up the possibility of building up a wide gamut of thiols, sulfonates, organic
sulfides and more with simple electrochemical tools as an alternative to currently employed
organic chemistry routes. HMS has been observed before from the nucleophilic attack of CH,O
(locally generated from CO) by SO;* and in our case a similar coupling step may be in play.*
SA and MS on the other hand, is tentatively thought to arise from a (near)surface SOs*



nucleophilic attack onto a C, intermediate in the methane or acetate pathway. There was no
HMS, SA or MS formed in control experiments that omitted CO», SO;*, the Cu catalyst or an
applied bias (Fig. S10). Further, using commercially purchased Cu, Cu,O, CuO or synthesized
Cu,0 with other morphologies resulted in HMS and SA formation with lower, but comparable
FEs (Fig. S9, 16), indicating that the C-S bond pathway is generalizable on a variety of Cu-
based materials. In contrast, Ag particles which produce CO as the main CO; reduction product,
did not show any detectable C-S products (Fig. S17), indicating the need of the catalyst to
produce and stabilize further reduced intermediates than CO. When SO3* was omitted from the
electrolyte, the main difference in the product distribution was that methane was a dominant
product (Fig. S18). This may indicate that the route to C-S products shares a similar pathway
to methane formation and thus intercepts intermediate before they are reduced to methane or
that the presence of near-surface SOs> alters the reaction route to minimize the methane
pathway.
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Figure 2. Identification and structure of HMS, MS and SA products constructed from CO; and
SOs* (a). The presence of 200 mM SOs* decreases the overall current density (b) and pushes
the selectivity towards liquid products (c). In all, C-S products are formed with up to 9.5% FE
(d) with only a weak dependence of their formation rates on the applied potential (e).

We next moved to carry out a round of experimental mechanistic studies to gain an initial layer
of insight into the dynamics of the electrosynthetic system. The faceted Cu,O starting material
loses its well-defined structure during electrocatalysis under reductive potentials, as evident
from a comparison of transmission electron microscope (TEM) images (Fig. 3a). Translating
the setup to a powder x-ray diffraction (XRD) instrument enabled us to visualize changes in
crystallinity immediately after applying a reducing potential. Indeed, the Cu,O peaks disappear
within 4 minutes after shifting from open circuit conditions to -0.68Vrue and only Cu peak



stemming from metallic Cu remains (Fig. 3b). This indicates that while an oxide is the starting
material, the main phase of the catalyst under working conditions is indeed metallic Cu, though
sub-surface oxygen or defects induced by the structural change could certainly be present and
affecting the catalytic process.

Raman spectroscopy was subsequently utilized to capture the reaction intermediates on the Cu
surface under equivalent reaction conditions (Fig. 3¢). While the assignment of each peak is
not entirely unambiguous, we base our interpretation on previously established works.>34

As the potentially was systematically shifted negatively from open circuit conditions, Cu,O
bands (220 and 417-670 cm™) diminished, pointing to the transition to metallic Cu by -0.58Vrue.
At the same time, the Cu-CO band (369 cm™") appeared starting at -0.58 Vrye. Similarly, weak
features potentially stemming from *COprigee (1850-1900 cm™, 0.42 to -0.18 Vrug) were noted
(Fig. 826). In addition to CO, *CO» (700 cm™"), SO3* (983 cm™), HCO5 (1022 cm™) and CO5*
(1069 cm™) were identified as (near)surface species. These bands, with the exception of SOs%,
were similarly detected during electrolysis with CO; only. Finally, a set of bands at 700, 1331-
1371, and 1580-1620 cm™ arose under reductive potentials. While there is debate as to their
exact identity, previous works have attributed them to *COO" or *COOH species and this is our

tentative assignment (Fig. $26).35364142

In all, the main takeaways from the above experiments were that most oxide-like features
disappeared from the catalyst under operating conditions, SOs* was continually present as a
(near)surface species, and CO and CO;" were the primary reaction intermediates on the Cu
surface. Thus, CO is a likely serving principal intermediate in the reaction pathways towards
higher order products. Given that the measured quantities of CO were very low, it is likely that
all of the detected *CO reacted further on the catalyst surface via hydrogenation or C-C
coupling. Hydrogenation would occur en route to CH4 production while a combination of C-C
coupling and hydrogenation would terminate in the observed ethanol and acetate in our system.
Because the CHy is the primary product that is suppressed in the presence of SOs%, it would be
reasonable to assume that a partially hydrogenated *CO (e.g. *CHO, CH,O...) in the CH4
pathway may be the main species coupling with SOs> en route to HMS formation. This is also
consistent with the fact that C-H bands around 2800-2900 cm™ are seen under C-S bond
forming conditions, even as CHs production is suppressed (though other C-H containing
products like ethanol and acetate are still produced). The Raman and XRD experiments further
point to Cu as the main phase during catalysis rather than oxide or sulfide phases of Cu that
were not detected within the limits of our experimental sensitivity.
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Figure 3. TEM imaging illustrates morphological changes during the catalytic cycle (a) while
the changes in crystallinity are probed during the reaction with operando XRD measurements
(b). Similarly, operando Raman experiments capture surface-bound intermediates en route to
CO; and SOs* coupling.

A complementary investigation into the mechanism for heterogeneous C-S bond formation was
performed with density functional theory (DFT) computations using the results from
electrocatalytic and spectroscopic experiments as a starting point. Here, three slab structures
for copper (100), (110) and (111) were constructed as the model catalyst to simulate the reaction
pathway. Further computational details are given in the SI and elsewhere.* Based on the
observations in figures 2 and 3, CO was used as a starting intermediate as it is one featured in
the CO, reduction pathway to higher order products.

To compute energy differences of elementary proton coupled electron transfer (PCET) steps,
the computational hydrogen electrode (CHE) model* was used. Since an explicit negative
charge(s) was added to the simulation for SO;* and HSOs, to calculate the energy difference
of the adsorption step and coupling step, the following equations were used, respectively:

SOF™ + %> "S05 + 2e7; AEqqs = Evgo, + 2€V — Egp2- — E. (Rx1)

505~ + "CO - "S03C0 +2e7; AEcoupiing = Evsozco +2€V — Egpz- = Erco (Rx2)
'S0z + "CO — "S03C0; AEcoupiing = Evsoyco — Evso; — Exco (Rx3)

HSO03 + % > *HSO3 + €7; AEqqs = Evyso, + €V — Eysor — E. (Rx4)

HSO3 + "CO »" HS03C0 + e7; AE oupiing = Ensosco + €V — Enso; —E«co  (Rx5)
"HSO03 + "CO =" HS03C0 ; AEcoupiing = Ensoyco — Eusos — Evco (Rx6)

To compute the energy differences for multiple reaction pathways, the basic CORR
mechanisms are considered:

€O — *C0 — *COH — *C —> *CH — *CH, — *CH; — CH,  (Rx7)
€O — *C0 —> *CHO — *CHOH ,*CH,0 — *CH,0H — CH;0H  (Rx8)



In both pathways, except the first adsorption step the rests are PCET steps. The intermediates
investigated that can couple with S 05‘ or HSO3 are CO, COH, CHO, CHOH, CH,0O and
CH:OH. In Rx7, the intermediates following COH were not considered since formation of COH
is unfavourable at 0.6 €V on Cu (100), as shown in Fig. 4. However, COH coupling with SO3*
was still considered since COH is believed to be an intermediate to methane production. For
Rx8, CHO, CHOH, CH,O and CH,OH were coupled with SO%~ to create the C-S bond.

The final product considered in DFT calculations was HMS as seen in Fig. 2 as it is the primary
C-S product in the electrolysis experiments. In solution, SO3~ or HSO3 can exist depending
on the pH of the electrolyte. Thus, both compounds are tested for the nucleophilic attack.
Furthermore, at any point during protonation, one of the oxygens attached to the sulfur can be
protonated to yield -RSO,OH. All of the aforementioned pathways are considered and this is
illustrated in Fig. S27, 28.

Two mechanisms are investigated for the C-S coupling step: (7) a nucleophilic attack of either
S05~ (Rx2) or HSO3 (Rx4) on the carbon of an adsorbed intermediate; and (if) surface
coupling of an adsorbed *SO; (Rx1 and Rx3) or *HSO; (Rx4 and Rx6) with the carbon of an
adsorbed intermediate.

Adsorption energy calculations of S species on all three copper facets (Table S2) reveal that: (i)
S0%~ is adsorbed more favourably than HSO3. This is mostly because SOZ species has 2
negative charges and is relatively smaller than HSO3, making it easier to bond with copper
atoms (Fig. 4); (ii) Both S species are adsorbed more strongly on the (110) facet, followed by
(100) then (111) facets, as seen on Table S2. Accordingly, the rest of the simulations to calculate
the reaction energy diagram are performed only on (110) and (100) facets.

The (110) facet might perform the best as it interacts more strongly with S species compared to
the other two surfaces. However, according to the Sabatier principle, the middle adsorption by
(100) facet could render it the best performing as the adsorption is neither too week (not able
to hold the species on the surface for enough time to react with other reaction intermediates)
nor too strong (to avoid further interactions with other reaction intermediates). The reaction
energy diagram is shown for the (100) facet on Fig. 5, and that for the (110) facet is
demonstrated on Fig. S29.



The optimized energies for all the structures are provided in Table S3, 4. Through these DFT
computations we seek: () to understand which reaction intermediates are involved in the C-S
coupling step; (ii) to calculate the reaction energy barrier of the C-S coupling step; and (iii) to
specify the best performing facet for the C-S bond formation.
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The optimal path is shown with thick black arrows on Fig. 4. The energy diagram comparing
different C-S coupling steps is shown on Fig. 5. Coupling through SO35~ is more favourable
than HSO3, regardless of which intermediates are involved in the C-S coupling step and no
matter what the copper surface is. Furthermore, due to the high adsorption energy of *SO; on
(100), surface coupling is deemed less likely than the nucleophilic attack of the species from
the electrolyte.

The optimal coupling step is found to be through *CHOH. The energy barrier of the C-S
coupling step is 0.74 eV and is the rate determining step (RDS). Coupling through *COH has
a large energy barrier of 1.37 eV. Surprisingly, coupling through *CH>OH has an energy barrier
of 0.66 eV, which is lower than *CHOH coupling. However, protonating the sulfur of
SO3;CH,OH has a barrier of 0.82 eV, making this path unfavourable.

Comparing the energy barrier of the RDS to typical RDS’s of CO2RR, it is reasonable to observe
that the maximal FE obtained in this study is ~10% since most thermodynamic energy barrier
for the CO2RR are lower than 0.74 eV. Lowering the energy barrier of the *CHOH coupling
step is key to further increasing the FE in future studies.

The same methodology and calculations are applied to the (110) facet since it appears to have
the lowest *SO3 adsorption energy. In other words, the (110) facet has the strongest affinity
for *S05, making it an interesting catalyst. Figure S30 shows the energy diagram of the most
favourable path on both (100) and (110). The most promising coupling path on (110) appears
to be consistent with *CHOH coupling being the most favourable again. The coupling energy
barrier, however, is only at 0.11 eV. The largest subsequent protonation energy barrier is the
protonation of sulfur in SOsCHOH to HSO3;CHOH, at 0.29 eV as can be seen in Fig. S28, 29.
Thus, the RDS remains *CO hydrogenation to *CHO, a typical RDS for the CO,RR. The DFT
results show that (110) should be superior to (100) when it comes to C-S bond formation as
seen in Figure S30 however our experiments do not show that. This could be due to changes in
size, surface reconstruction and other unaccounted-for effects. We encourage future studies to
explore the Cu (110) facet further.

As a final step, we sought to expand the scope in terms of potential C-S coupling reactions.
While the partial current densities for C-S products was rather modest when using CO: as the
reactant, amounting to less than 5 mA/cm?, we reasoned that potentially more active C-
precursors that can be produced from CO; reduction would lead to enhanced rates (Fig. 6a). To
this end, we maintained identical reaction conditions (-1.18Vrug, 200 mM SO;* in 1 M KOH)
and substituted 200 mM of CH3OH, HCOO-, CH,O or CH3COO" in place of CO,. Indeed, we
was that the formation of SA was greatly increased by up to 2 orders of magnitude for CH;0H
and by 30X for HCOO" (Fig. 6b). Note, no products were observed if SO;* and the C-reactants
were simply mixed in the electrolyte (Fig. S30). The equilibration with methanediol in alkaline
media likely prevented formaldehyde from directly coupling with SOs* through non-
electrochemical steps. We chose to use formation rate as a metric of comparison as the precise
mechanism and electron transfer steps are not yet unambiguous. This set of results indicates
that a variety of partially reduced CO» products species may act as effective building blocks for
C-C and C-S bond formation. Strategies for C-S product synthesis with increased rates could
then entail the use of flow reactors utilize a CO- activation catalyst (e.g. Sn or Bi — based
materials selective for HCOO") and a secondary C-S coupling catalyst (Cu in this work but



other materials may yet be better). Interestingly, HMS was not observed in these experiments,
and this can be rationalized as the reactants used did not feature the key intermediates of *COH
or *CHOH as calculated above.
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Figure 6. Scheme of using partially reduced CO, products as activated reagents for C-S bond
formation (a). The formation rate of SA at -1.18Vgrug is significantly enhanced when
substituting 200 mM of C-reactant in place of CO> (b).

Concluding Remarks

In all, this work develops the first C-S coupling pathway via heterogeneous electrocatalysis
using CO: as a building block. Using Cu-based catalysts as a model system, we illustrate how
CO; is reduced to surface-bound electrophilic intermediates like *CHOH, which are then
subject to nucleophilic attack by near-surface SOs> species, yielding three distinct C-S bond
containing species. The expansion of scope of CO; reduction to include products with C-S
bonds is set to grant electrocatalytic technologies access to not only fuels and commodity
chemicals, but also to important sets of fine/specialty chemicals and widen the impact of this
growing domain.
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Materials and methods

Chemical Reagents:

Anhydrous copper chloride (CuCl,, 98%), copper nano powder (Cu, 99.9%), copper (II) oxide nano
powder (CuO), hydroxylamine hydrochloride NH>OH-HCl, 99%) were purchased from Alfa Aesar.
Sodium hydroxide (NaOH, 98%) and sodium sulfite (NaSOa, 98%) were acquired from Sigma-
Aldrich. Potassium hydroxide was obtained from Macron fine chemicals. Copper (I) oxide was
purchased from thermos scientific. Sodium dodecyl sulfate (SDS, 100%) was purchased from
Mallinckrodt. All chemicals were used without further purification.

Catalyst Preparation:

Cu,0 catalysts were synthesized by a simple wet chemistry method according to the reference.! 1
mL of 0.1M CuCl, was added into 95.5 mL deionized (DI) water, then 2mL of 1M NaOH solution
was added into the above solution under stirring. After 10 s, 0.87g SDS was added into the above
mixture with vigorous stirring to make the powder solve into the solution. Then 3.5 mL of 0.2M
NH>OH-HCI was injected into the above mixture and was shaken for 10 s. The mixture was
centrifuged to obtain the precipitates after 12 h aging, and washed with water and ethanol three
times, respectively. Finally, the precipitates were dried in a vacuum oven for 12h, and the powder
was labeled as sample C. This was the primary catalyst used for electrocatalytic measurements

For sample A to H, the synthesis steps are similar to sample C, except for different volumes of DI
water and NH,OH-HCI. The volume of DI water and NH,OH-HCI for each sample were listed in
Table 1.

Table 1. The volume of DI water and NH,OH-HCI for the synthesis different Cu,O/CuO samples:

DI water (mL) NH2OH-HCI (mL)
A 95.5 1.5
B 94.5 2.5
C 93.5 3.5
D 92.5 4.5
E 91.5 5.5
F 90.5 6.5
G 87.5 9.5
H 91 7.5 (adjust to pH 7)
Characterizations:

Ex-situ X-ray diffraction (XRD) patterns were collected with a Malvern PanAlytical Empyrean 3
diffractometer with a Cu Ka radiation source (A = 1.5418 A) and a PIXcel’P detector in 1D mode
operated in Bragg Brentano (0-0) geometry, using iCore and dCore optics with automatic slits set
at 10 mm irradiated length and a collection time of 1h. In contrast, a Mo-source was used for in
operando measurements due to its higher penetration, high intensity and compressed pattern which
allow to measure all peak of interests in a static configuration. They were collected on a Malvern
PanAlytical Empyrean 3 diffractometer with a Mo Ko radiation source (A =0.7093 A) with focusing



mirror optics and a GaliPIX3P detector in static 1D mode with 30 s integration time, and an omega
angle of 12,5°. Scanning electron microscope characterization was conducted on FEI Quanta 450
Environmental Scanning Electron Microscope (FE-ESEM). Transmission electron microscopy
(TEM) images were obtained with a JEOL JEM-2100F FEG-TEM, operating on 200 kV.

Electrochemical measurements and product qualification:

Electrochemical measurements were performed by Bio-Logic SP-200 Potentiostat (BioLogic
Science Instruments, France) in a gas diffusion electrode (GDE) — based reaction cell with a three-
electrode framework. Carbon rod and Ag/AgCl were utilized as the counter electrode and reference
electrode, respectively. All potentials measured in this work were converted to RHE by the
following equation:

E (vs RHE) =E (vs Ag/AgCl) + 0.197 + (0.0591 x pH)

The working electrode was prepared as below: 10 mg catalyst was added into the mixture of 100 uL.
DI water and 300 pL ethanol. After 10 mins ultrasonication, 100 pL homogeneous catalyst ink was
dropped onto the carbon cloth (GDL-CT (W1S1009, Fuel Cells Etc.) and dried in air for 1h. 1M
KOH with different concentrations of NaSO4 was used as the electrolyte. Linear sweep voltammetry
was measured in the range of 0 ~ 1.18 V (vs. RHE), with a sweep rate of 5 mV s°!. Potentiostatic
electrolysis was performed at room temperature and pressure, with a steady CO» gas flow which is
10 mL min™!. The GDE cell was sealed and connected with gas chromatography (GC, SRI 8610C)
to qualify the gas products in flow mode. A thermal conductivity detector (TCD) was used for
analyzing H», and flame ionization detector (FID) was used for quantifying CO and CHg4. After 30
mins reaction, the electrolyte was collected and analyzed by 'H nuclear magnetic resonance (NMR,
Bruker AVII 500) and confirmed by '*C NMR (NMR, Bruker AVANCE II 700). 400 uL liquid
product was mixed with 400 pL. D>O, with dimethyl sulfoxide (DMSO) as an internal standard. The
yield of gas and liquid products were calculated based on the calibration curves of the standard
samples. The Faradaic efficiency (FE) was calculated by the following formula: erg = %np

where a is electron transfer number, n is the moles of products, F is the Faraday constant (96485 C
mol ), Q is all the charge passed during the reaction.

In-situ Raman spectroscopy

In-situ Raman spectra were collected on Renishaw Invia system with a 633 nm laser. The output
powder is 5 mW. Before each experiment, Raman frequency calibration was conducted by
measuring a Si wafer (520 nm). A laser line focus module was utilized to obtain spectra by spreading
out the laser intensity with approximately 20x lower signal intensity per area. The accumulation
time per spectrum was set to 1s and the total signal acquisition time is 60s (average of 60 spectra).
An immersion objective (numerical aperture of 0.8) was used to decrease the distance between the
laser and the surface of the electrode to a obtain better Raman signal. The spectra were collected
under different potential, range from open circuit potential to -0.98V vs. RHE, with the step of -
0.2V.

The reaction cell is similar with electrochemical measurement. The same three-electrode
configuration was used for the operando Raman measurement; working electrode, counter and

reference electrode are the identical. KOH was used as electrolyte, with or without the addition of



sulfite. CO; or N, was fed into the reactor, with flow rate of 10 mL min'.
DFT parameters and computational details

Here, three slab structures for copper (100), (110) and (111) were constructed using Atomic
Simulation Environment (ASE) 33 and all consisted of 5 X 5 X 4 structures, or 4 layers of 25 atoms.
The bottom two layers were fixed to simulate the bulk and the top two layers were free to relax to
resemble the surface. 15 A of vacuum is added in the z direction (perpendicular to the surface) to
avoid interaction between periodic images. The Monkhorst-Pack scheme was used for K-points of
4 X 4 x 1. The energy cut-off and the relative cut-off used were 550 and 50 Rydberg, respectively.
The force convergence was taken to be 3 X 10™* Bohr! Hartree. The exchange correlation
functional of Perdew, Burke, and Ernzerhof (PBE) was used.3* All these parameters were chosen
after running convergence and sensitivity tests. DFT calculations are all performed using CP2K
code 3° and further computational details are given elsewhere.’® CO was used as a starting
intermediate as it one featured in the CO> reduction pathway to higher order products.

To compute energy differences of elementary proton coupled electron transfer (PCET) steps, the
computational hydrogen electrode (CHE) model 37 was used. In this model we assume hydrogen
gas is at equilibrium with proton and electron and the corresponding potential is 0 V vs. RHE, thus
the energy of proton coupled with electron is estimated by half of the energy of hydrogen gas:

H+ fem o Hz(g) (Eq 1)
2

Eq.2
EH++e—=@,@pH:Oandlatm (Ea-2)

Both SO5~ and HSO3 are adsorbed on the Cu (111), (110) and (100). The adsorption energies are
used as predictors for the affinity of the surfaces to both species. The adsorption energies are on
Table S2.

Table S3 and Table S4 are the optimized energy of the copper surfaces and absorbed intermediates,
respectively.
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Figure S1. XRD patterns of the catalysts en route to their synthesis. Among them, sample A is CuO,
sample B and C are the mixtures of CuO and CuO. Sample D to H are Cu,O.
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Figure S2. Typical SEM images of different catalysts from samples A to H. (a) nanowire, length is
around 400 nm; (b) nanowire; (c) sample C, the aggregation of nanowire to form shaped
nanoparticles, with a small amount of incompletely grown truncated octahedron crystals; (d)
truncated octahedra, the size is around 600 nm; (e) short hexapods, with small amount of octahedra,
~1 pm; (f) octahedra with uniform size; (g) sphere, size distributed from 100 nm to 1 um; (h)

octahedra with a large size distribution from 200 nm to 700 nm.



Figure S3. Gas diffusion half-cell with minimal electrolyte volume used for electrochemical
screening experiments. Isolating the counter electrode with an anion-exchange membrane did not
lead to a measurable difference in C-S product formation in control experiments.
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Figure S4. HNMR spectrum of hydroxymethanesulfonate (HMS) standard sample (Concentration:
20 mM in 1 M KOH) (a) and comparison of *C NMR spectra of the post-electrolysis solution
(orange) and HMS standard (gray) (b). HMS also features two distinct peaks when carrying out CO-
reduction with 3CO> as opposed to a single peak at 4.3 ppm when 2CO; is used as the carbon
reagent (c).
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Figure S5. NMR spectrum of sulfoacetate standard sample (Concentration: 20 mM in 1 M KOH).
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Figure S6. NMR spectrum of methanesulfonate standard sample (20 mM in 1 M KOH).
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Figure S7. NMR calibration curves. (a) hydroxymethanesulfonate (HMS); (b) sulfoacetate (SA);
(c) methanesulfonate (d); formate (e) acetate; (f) methanol; (g) ethanol; (h) n-propanol.
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Figure S8. NMR spectrum of the liquid after potentiostatic electrolysis. Sample C was chosen as
electrocatalyst with 1 M KOH, 0.2 M NaSOj as electrolyte. CO> gas flow rate is 10 mL min™!, the
applied potential is -0.78V (vs. RHE). DMSO was used as the internal standard (2.64 ppm).
Hydroxymethanesulfonate (4.32 ppm, HMS) and sulfoacetate (3.66 ppm) are the product with C-S
bond, the liquid products also contain formate (8.36 ppm), ethanol (1.09 ppm), acetate (1.83 ppm),
methanol (3.26 ppm), and n-propanol (0.80 ppm).
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Figure S9. Optimization of reaction conditions for HMS formation. (a) FE with different Cu
samples in 1 M KOH, 0.2 M Na,SOs3, at -0.78 V. Sample C shows the highest FE among these eight
catalysts. (b) Catalytic performance of sample C in different electrolytes. All the concentration is
IM. (c) Production of HMS in different concentrations of Na>SO3. Sample C shows the highest FE
for HMS in 1M KOH, 0.2 M Na,S0O;. Different amounts of KOH (0.1 M, 2 M) are also used as the
electrolyte to adjust the pH, but no signal of HMS was observed in NMR spectrum. Loading amount
has also been changed (10 mg, 15 mg, 25 mg), C-S bonds product was obtained only when the
amount of sample C is 25 mg, which is 2.39, it’s similar to 10 mg, thus in the following
electrochemical experiment 10 mg sample C, 1 M KOH, 0.2 M Na,SOswas chosen as the reaction
condition.
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S10. Control experiments omitting key aspects of the electrocatalytic system in otherwise identical
conditions (1 M KOH electrolyte, -1.18 V vs. RHE)
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Figure S11. NMR spectrum of a control experiment performed without sulfite. Potentiostatic
electrolysis was conducted with sample C in KOH + CO flow under -0.78V. No HMS or
sulfoacetate or MS were observed in the NMR spectrum, which proves that SO3% is the sulfur source.
Formate, acetate, ethanol, and n-propanol were observed as the final liquid products.
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Figure S11. NMR spectrum of a control experiment without sample C. The carbon cloth was used
as the electrode, 1 M KOH, 0.2 M sulfite was used as electrolyte. The electrolysis was conducted
under -0.68V, with continuous CO» flow. No product with C-S bonds was observed. Formate, acetate,
ethanol, n-propanol and methanol were observed after the reaction.
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Figure S12. NMR spectrum of control experiment without CO,. Sample C was used as the
electrocatalyst, IM KOH + 0.2 M Na»SOs was used as the electrolyte, a stable, continuous N> gas
flow was used instead of CO,. The flow rate is 10 mL min-'. No C-S bond compounds are obtained
after electrolysis, formate, acetate, ethanol and n-propanol are produced by slight decomposition of
the carbon cloth electrode
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Figure S13. Formaldehyde (HCHO) was used as substrate instead of CO; to conduct electrolysis in
IM KOH + 0.2 M Na,SOs3 at -1.08 V. No signal of HMS was observed, which suggests that HCHO
is not the intermediate for HMS formation.
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Figure S14. Formate was used as a precursor to replace CO; to conduct electrolysis. The reaction
condition is the same as the CO2RR reaction, in which the electrolyte is 1 M KOH + 0.2 M sulfite,
under -0.68 V. There is no HMS obtained after reaction, which suggests that formate is not the
intermediate for HMS production.
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Figure S15. Methanol was used as a precursor instead of CO; for C-S coupling. The reaction
condition is the same as the CO2RR reaction, in which the electrolyte is 1 M KOH + 0.2 M sulfite,
under -1.08 V. Also, there is no CH3NaO4S obtained after reaction, which suggests that HMS is not
the intermediate for HMS production.
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200 mM SO3?) of synthesized and commercially purchased Cu catalysts.
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Figure S17. HMS and SA formation with Ag nanoparticles (NPs) used as catalysts under the
optimized conditions of 0.2 M Na>SO3, 1.0 M KOH and -0.68 VRrHE.
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Figure S18. Faradaic efficiencies for the electrochemical system in the absence of SOs> using the
optimized catalyst C in 1.0 M KOH and CO; flow.
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Figure S19. XRD patterns of sample C powder, bare carbon cloth, working electrodes with sample
C before and after reactions. Comparing these patterns, sample C electrode shows the peaks at
18.01°, 25.28°, 38.27°, and 44.41° belong to graphite. Before reaction, sample C contain Cu,O
(JCPDS card no. 05-0667), (110), (200), (220), (311) and (222) signals were observed at 29.55°,
42.30°, 61.34°, 73.53°, and 77.32°, respectively. Besides these peaks, 26 values of 35.54°, 38.71°,
and 48.72° could be indexed to (11-1) and (111), (20-2) planes of CuO (JCPDS card no. 48-1548).
After the reaction, peaks of graphite and CuxO are observed, but peaks of CuO are missing.
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Figure S20. SEM images of sample C. (a) cross session and (b) electrode surface before reaction;
(c) cross session and (d) electrode surface after reaction.
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Figure S21. (HR)TEM images of sample C powder before the reaction. The morphology is

consistent with SEM results, which is the mixture of incompletely grown octahedron and sea urchin
particles constituted by short nanowires. Nanowires are formed by the aggregation of small
nanoparticles. The lattice distance of 0.243 nm could be attributed to the Cu,O (111) planes.
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Figure S22. (HR) TEM images of sample C after catalysis (1 hr at -0.68V vs. RHE). The samples
are scratched from carbon cloth electrode onto a Ni TEM grid. Short nanowire-like features
disappear, and small nanoparticles are further aggregated to form larger nanoparticles (a, b). EDS
analysis shows that Cu and O are the main elemental components of the particles. Traces of S can
occasionally be seen at 2.5 keV.
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Figure S23. Schematic of operando XRD measurement setup.
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Fig. S24. Operando XRD experiments (Mo source) carried out as a function of applied potential
(vs. RHE) with 1 minute per potential. Within 5-6 minutes of reducing potential, the Cu,O (16.5°
and 18°) and CuO (19.5°) largely disappear, and metallic Cu is the main crystal phase observed.
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Figure S25. Reaction cell used for operando Raman measurements under CO, flow and a gas

diffusion layer as a working electrode.
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Figure S26. High and low-frequency Raman spectra under typical C-S coupling conditions (a) and

comparison of Raman spectra of the Cu catalyst at -0.78Vrug with CO; only and SOs* only (b). C-

H stretches around 2800-2900 ¢cm™ are also evident under C-S bond forming conditions (c).



Table S2. Adsorption energies of two sulfur compounds and three copper surfaces

Adsorption energies 100 110 111
S05~ 0.87eV | 049eV | 1.54 eV
HSO3 1.74eV | 1.48¢eV | 2.02 eV

Table S3. Energies of optimized copper slabs

Size Surface | Energy (a.u) Energy (eV)
5x5x4 100 -4811.5 -130926
5x5x4 111 -4811.7 -130933
5x5x4 110 -4810.9 -130910

Table S4. Energies of adsorbed intermediated on Cu (100) and isolated molecules

Intermediate Energy (a.u) Energy (eV) Position

CcO -4833.226 -131517 Bridge C*

CHO -4833.793 -131532 Bridge C*+Top O*

COH -4833.784 -131532 Hollow C*

CHOH -4834.371 -131548 Bridge C*

CH:O -4834.400 -131549 Bridge C* + Bridge O*
CH,OH -4834.985 -131565 Top C* + Top O*

HMS (-) -81.649 -2221.74 Deprotonated ( -1 charge)
HMS -82.348 -2240.77 Protonated (0 charge)
SO;CO -4891.507 -133103 Stays connected
HOSO,CO -4892.113 -133119 Disconnected, unfinished
SO;COH -4892.088 -133119 C*, connected

SO;CHO -4892.103 -133119 CHO on top of SO3 by C* on S
SO;CHOH -4892.697 -133135 C*, connected
SO;CH,OH -4893.314 -133152 SO3*, CH20H lifted up
SO;CH0 -4892.699 -133135 CH20 desorbs, unfinished
HOSO,CH20H | -4893.872 -133167 Desorbs, Unfinished
HOSO,CHO -4892.700 -133135 Separated

HOSO,CHOH -4893.264 -133151 C*, Connected
HOSO,COH -4892.659 -133134 C*

HSO3 -58.929 -1603.53 Individual molecule
H2S0; -59.452 -1617.74 Individual molecule




HSO3;+CHOH -4893.272 -133151 Surface coupling
HSO;+ COH -4892.689 -133135 Surface coupling
SO;+CHOH -4892.692 -133135 Surface coupling
SO;+COH -4892.108 -133119 Surface coupling
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Figure S27. Reaction pathway from CO to HMS on Cu (100) including energy barriers,
adsorption energy. Underlined values show the most promising pathway. Red values are
positive while green values are negative energy barriers
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Figure S28. Reaction pathway from CO to HMS on Cu (110) including energy barriers,
adsorption energy. Underlined values show the most promising pathway. Red values are

positive while green values are negative energy barriers
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Figure S29. Comparing energy diagrams of (100) and (110)



Table S5. Comparison of energy barriers and coupling barriers of Cu(100) and Cu(110)

Main  coupling | Coupling RDS

step barrier barrier
(eV)

100 SO3;+CHOH 0.740 0.74 SO3+CHOH =>
SO3CHOH
110  SO; +CHOH 0.116 0.36 CO=>CHO
DMSO
g water
; acetate
2 . m/ CH,CO0
‘2 1
- formateI Tl 4 1 HCOO"
methanol
| CH,OH
n LmL 1 HCHO
H N H N 1 N 1 N H N ] H N H N 1
12 10 8 6 4 2 0 -2

Chemical Shift (ppm)

Figure S30. 200 mM carbon reactants were mixed with 200 mM SO3% in 1M KOH for more than
24 hrs and potential formation of products was monitored for by NMR. No HMS, SA or MS would
be observed within our typical sensitivity limits.
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Figure S31. '3C NMR of sulfoacetate after 30 min of co-electrolysis with CH;OH and SOs*-.
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