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Metal organic frameworks (MOFs) are promising materials for electrocatalysis, however,
lack of electrical conductivity in the majority of existing MOFs limits their effective
utilization in the field. Herein, we report an excellent catalytic activity of a two-dimensional
copper (Cu)-based conductive MOF, copper tetrahydroxyquinone (Cu-THQ), for aqueous
CO:2 reduction reaction at low overpotentials. It is revealed that Cu-THQ nanoflakes (NFs)
with an average lateral size of 140 nm exhibit a negligible overpotential of 16 mV for the
activation of this reaction, a high current density of ~173 mA cm? at -0.45 V vs RHE, an
average Faradaic efficiency of ~91% towards CO production and a remarkable turnover
frequency as high as ~20.82 s’'. In the low overpotential range, the obtained CO formation
current density is more than 35 and 25 times higher compared to state-of-the-art MOF and
MOF-derived catalysts, respectively. Our operando Cu K-edge X-ray absorption near edge
spectroscopy and density functional theory calculations reveal the existence of reduced Cu
(Cu*) during CO2RR which reversibly returns to Cu?* after the reaction. The outstanding
COz2 catalytic functionality of ¢c-MOFs could open a way towards high-energy-density

electrochemical systems.
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Growing worldwide energy demand and rising consumption rate of fossil fuels could lead to
catastrophic consequences facing modern society. To conquer the upcoming energy crisis and to
develop sustainable energy technologies, discovery of new materials with outstanding
functionalities is necessary. In this regard, metal organic frameworks (MOFs) are ideal materials
due to their extraordinary structural versatility, synthetic tunability, ultrahigh porosity, and high
surface area "8, MOFs are crystalline structures composed of inorganic metal ions and organic
ligands that can be synthesized through a bottom-up assembly approach under solvothermal
conditions. To date, numerous MOFs are used extensively for bulk applications such as
heterogeneous catalysis, gaseous energy storage (H> and CH4), and CO; capture, separations and
reduction reaction’ 13, However, the insulating nature (lack of electrical conductivity) of the
majority of the existing MOFs restricts their successful utilization in electrocatalysis which is
central to applications in the field of energy storage and generation''*!>!. In order to mitigate this
challenge, molecular engineering strategies have been recently employed to harness the reticular
chemistry and robust tunability of classical MOFs to develop conductive MOFs (c-MOFs) which
demonstrate both porosity and electrical conductivity!!*!”). While the ¢c-MOFs have recently

18,191 oxygen reduction and evolution

shown a great promise in hydrogen evolution reaction (HER)!
reaction!!>1%2% and supercapacitors!?!*?, there still remains a lack of highly efficient c-MOF-based
catalysts to be utilized in core electrochemical reactions such as electrochemical CO; reduction

reaction (CO2RR).

Herein, we report the CO2RR electrocatalytic activity of a two-dimensional (2D) copper (Cu)-
based ¢c-MOF, copper tetrahydroxyquinone (Cu-THQ) at low overpotentials using a hybrid
electrolyte comprising of 1 M choline chloride and 1 M potassium hydroxide (KOH). This hybrid
electrolyte was selected due to its superior ionic conductivity, high CO; solubility and stability for
the CORR®I. The bulk Cu-THQ with the chemical formula of Cu3(CsOs). and electrical
conductivity of ~1.5 x 107 S cm™ was synthesized based on a method previously reported (see
Supplementary Information S1 and Ref 17), and exfoliated into 2D nanoflakes (NFs) via liquid-
phase exfoliation technique for an increased surface to volume ratio (see Supporting Information
S2). The successful synthesis of 2D structures was confirmed by our comprehensive
characterization study, including energy dispersive X-ray spectroscopy (EDX), high-resolution
transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS) and atomic

force microscopy (AFM). Moreover, operando Cu K-edge X-ray absorption near edge



spectroscopy and density functional theory calculations shed light on identifying the active sites

and chemical changes during the CO2RR.

Figure la shows the dispersed NFs of Cu-THQ in isopropyl alcohol (IPA) with a distinct color
after liquid-phase exfoliation (see Experimental Section). A typical atomic force microscopy
(AFM) image of Cu-THQ NFs deposited on Si/Si0O; substrate is shown in Figure 1b. The statistical
thickness analysis of 40 randomly selected flakes revealed an average thickness of 10.1 +/- 6.7 nm
(Figure Ic). Figure 1d shows an average lateral size of 140 +/- 52 nm for one batch of Cu-THQ
NFs obtained by dynamic light scattering (DLS) (see Supporting Information S3 for the rest of
DLS and AFM results). To examine the structural stability of c-MOF NFs after exfoliation, high-
resolution transmission electron microscopy (HRTEM) images were obtained. The HRTEM
images (Figure le-g) clearly show elliptical pores, smaller than 1 nm with a honeycomb
arrangement along [001] with di10= 11.7 A and doxo= 11.0 A, which corresponds well with the
AB stacking model of Cu-THQ (calculated d110=11.2 A and do2o=10.9 A)!'”). Elemental mapping
with energy-dispersive spectroscopy (EDS) indicates a homogeneous C, O and Cu distribution in
the exfoliated Cu-THQ sample (see Figure S3). These observations confirm that the crystal
structure was well preserved in exfoliated Cu-THQ samples. X-ray Photoelectron spectroscopy
(XPS) was also performed on the bulk and exfoliated Cu-THQ sample deposited on gas diffusion
electrodes (GDE). Full energy spectra results shown in Figure 1h indicates the presence of Cu, C
and O species for both bulk and 2D Cu-THQ NFs (see Supporting Information section S5).
Moreover, a small amount of N species is observed in the XPS spectra due to the synthesis
process!!”. An extra F peak is also observed in the XPS survey spectrum of the Cu-THQ NFs
which is due to the polytetrafluoroethylene (PTFE) present on the GDE substrate**. Overall, our

characterization results confirm the structural integrity of c-MOF after exfoliation.

To evaluate the catalytic performance of 2D c-MOF, linear sweep voltammetry (LSV) experiments
were performed for different particle sizes. The LSV experiments were carried out in a three-
electrode setup containing CO; saturated 1 M choline chloride and 1 M KOH at a scan rate of 50
mV 571231, To prepare the working electrodes, the synthesized c-MOF NFs were deposited on GDE
substrates (see Experimental Section). Ag/AgNOj3 and Pt mesh were used as reference and counter
electrodes, respectively (see Supporting Information S6-7). The LSV results shown in Figure 2a

indicate that Cu-THQ NFs with the average particle size of 140 nm delivered the highest current



density of ~173 mA cm™ at-0.45 V vs RHE. At the same potential, the current densities for average

particle sizes of 300 nm and 600 nm are ~146.3 mA cm™ and ~96 mA cm™, respectively.

To detect the gas products and measure the onset potentials of the corresponding reactions, LSV
experiments were performed in a two-compartment cell at a low scan rate of 1 mV s™! with real
time product analysis using differential electrochemical mass spectroscopy (DEMS) (Figure 2b).
During the DEMS online measurement, CO was observed as a major product and no other carbon-
based gas phase products were detected. We obtained an onset potential of -0.126 V vs RHE for
CO formation, suggesting a low overpotential of 16 mV compared to the thermodynamic potential
of -0.11 V for this reaction'®! (see Supporting Information S8-9). This value is so far the lowest

25-33] (also see Table

onset potential reported for CO2RR compared to the state-of-the-art catalysts!
S2). With the overpotential continuously increasing, CO production faced an increase in the tested

potential range. H> production was also negligible and remained stable during the experiment.

To gain more insight into the gas product formation during CO2RR, one-hour chronoamperometry
experiments were performed at three different potentials in the range of -0.135 and -0.43 V vs
RHE. Current density profiles for these experiments show no more than 20% decrease compared
to the current densities observed in LSV experiment which is attributed to the charging current
(capacitive behavior) in the LSV measurements (see Figure S8). DEMS was also used in each
experiment to detect the gas products. Similar to the LSV experiment, no carbon-based gas
products were observed other than CO (see the DEMS results in Figure S9). The corresponding
Faradaic efficiency (F.E.) of CO and Hy, as depicted in the inset of Figure 2b, is on average ~91%
at the potential window from -0.135 V to -0.43 V vs RHE. Furthermore, the average F.E. for H>
formation was measured to be negligible (< 1%) in this potential window. The remaining F.E. is
attributed to the loss in the system and/or small percentage of possible liquid products. These
results indicate that CO2RR with Cu-THQ NFs is favorable towards CO production in the -0.135
V to -0.43 V vs RHE range.

The achieved current density with Cu-THQ NFs (Figure 2a) is the highest value ever reported for
the MOF and MOF-derived catalysts in CO2RR, especially with selectivity towards CO formation
(see Table S2) *+*21 In particular, the CO formation current density achieved by Cu-THQ NFs at
-0.43 V vs RHE is ~25 times higher than that of bimetallic Co/Zn zeolitic imidazolate framework-
derived Co-N at the potential of -0.48 V vs RHE!®*3) and ~37 times higher than the value reported



for porphyrin-based MOF of PCN-222(Fe)/C at -0.45 V vs RHEM™?. In addition, Table S3
compares the electrochemical performance of Cu-THQ NFs with a number of Cu-based catalysts
with CO production. For instance, the CO formation current density obtained by Cu-THQ NFs at
-0.43 V vs RHE is approximately 38 and 35 times higher than the values achieved by the state-of-
the-art Cu based catalysts of Cu/Ni(OH). nanosheets at -0.5 V vs RHE* and annealed Cu foam
at -0.45 V vs RHE*¥, respectively. Moreover, Cu-THQ NFs greatly outperform noble metal (e.g.,

Ag, Au)?>39331 and other non-precious catalysts¢2],

Density functional theory (DFT) calculations revealed that Cu species together with neighboring
O species in the catalyst are the active sites contributing to the CO2RR (see the DFT discussion
below). Therefore, to determine the turnover numbers (TON) of CO production per mole of Cu,
we measured the total Cu loading on the cathode using inductively coupled plasma optical
emission absorption spectroscopy (ICP-OES, see Supporting Information S13). Our experiments
revealed that approximately 1.6 x 107 moles of Cu exist per square centimeter of the cathode
electrode. The TON values of CO production were then calculated from chronoamperometry
experiments assuming that all Cu species in the catalyst are electrochemically active (see
Supporting Information S14). Figure 2c shows an increasing trend of TON values with the applied
potentials where at the potential of -0.43 V vs RHE an exceptionally high value of ~7.49 x 10* was
obtained after one hour. CO formation turnover frequency (TOF) was also found to be ~20.82 s!
at -0.43 V vs RHE (inset of Figure 2c), which is by far the highest TOF reported for CO2RR in

low overpotential range (see Table S1)[26-30:32.33:45.46]

The stability of Cu-THQ catalyst was investigated using XPS experiments over an extended 7-
hour chronoamperometry experiment at the controlled potential of -0.43 V vs. RHE (see
Supporting Figure S10). Figure 2d shows the Cu 2p spectra of Cu-THQ cathode before and after
the electrochemical reaction. The results indicate that before the reaction, the Cu-THQ is
composed of Cu**. After the CO2RR, the two Cu?* main peaks in the pristine cathode located at
~934.9 eV and ~954.8 eV were shifted to lower binding energies of 933.7 eV and 953.6 eV,
respectively. The binding energies of both pristine and cycled samples were within the range
reported in the NIST database for a formal oxidation state of Cu®"*"l. While the pristine state is
closer to reported values for Cu*-O%* bonds in compounds like hydroxides and carbonates in the

[48,49

literature*®*), the cycled state is more consistent with Cu?>*-O* bonds in oxides**>?!. However,

metallic Cu and Cu™-O? species are typically observed at least 1 eV lower in energy than any



signals observed herel*’%. Therefore, the peak shift observed after cycling does not signify
reduction, but can rather be attributed to a change in the chemical environment of Cu®" after
electrocatalysis®!l. Furthermore, the two Cu?" satellite peaks observed in the pristine cathode faced
a significant decrease in intensity due to the reduction reaction, but they remained after cycling.
The obtained results confirmed the stability of catalyst and were consistent with the XPS results
after 7-hour chronoamperometry. Moreover, ex-situ Cu Ls-edge X-ray absorption spectroscopy
(XAS) experiments were performed on the pristine state and after cycling for 1 and 7 hours,
respectively (Figure 2e). The Cu Ls-edge spectrum results from the dipole allowed transition of
Cu 2p3p electrons into empty Cu 3d-O 2p hybridized states, if present, with a weaker transition
allowed to Cu 4s-O 2p states at higher energy. The pristine Cu-THQ NFs show a sharp peak at
930.85 eV, with weaker signals at 934.1 eV and 937.9 eV which are broadly consistent with
reported peak positions of a formal Cu?" statel**!. The peak around 931 eV arises from the 2p3,->
3d’ transition*], which is absent in Cu” and Cu® because they both have a filled d shell; both have
peaks near 933.7 eV, absent in our datal®¥. After the reaction, the most intense peak shifts to lower
energy, by 0.2-0.3 eV. The persistence of this 2p3»-> 3d° transition again supports a dominant
formal Cu?" state, with absence of any obvious signals indicating concurrent presence Cu’ and
Cu’. The slight shift to lower energy with higher reaction time suggests a change in the chemical
environment of Cu”" as a result of catalysis, in agreement with the XPS results. The position of the
Cu?* Ls-edge peaks is known to be very sensitive to the nature of its covalent interaction with
different ligands'>!.

Additionally, a long-term chronoamperomtery experiment (24 hours) was performed for Cu-THQ
NFs at the potential of -0.43 V vs. RHE and the stability of catalyst was further confirmed via XPS
(see Supporting Figures S11 and S12). Moreover, nuclear magnetic resonance (NMR)
spectroscopy was utilized to evaluate the stability of the electrolyte. The obtained 'H and '*C
NMR spectra confirm the stability of the choline chloride/KOH electrolyte after the long-term
chronoamperometry experiment (see Supporting Information Section S12).

To get insight into the electronic and chemical changes during the CO2RR, operando Cu K-edge
X-ray absorption near edge spectroscopy (XANES) was performed (Figure 2F). The spectra are
the result of an electron transition from the occupied 1Is to the unoccupied 4p bands and,
subsequently, the continuum upon excitation by high energy X-ray radiation!*. Figure 2F shows

Cu K-edge XANES spectra for the Cu-THQ at open circuit voltage (OCV), -0.43 V vs RHE, and



12 minutes after the reaction was stopped and the electrode was returned to OCV. The XANES
spectrum of the material at OCV shows an edge feature at ~8986 eV, associated with a Cu 1s—4p
and ligand-to-metal charge transfer shakedownl®”), and a broad white line peak around 8995 eV.
These features confirm the Cu?" state in the pristine compound, consistent with the reference
spectrum of CuO and other reports in the literaturel*®). When a cathodic potential was applied, a
broad feature developed, centered around 8980.5 eV, but spanning well into the onset of the
absorption edge at ~8985 eV. The position of the edge also shifted to lower energy with respect to
the pristine state. These changes suggest the reduction of Cu?". Recent studies of CO
electrocatalysis with Cu®" have reported the reduction to metallic Cu during the reaction*®>1. In
this case, because both Cu” and Cu’ show features between 8980 and 8983 eV (see reference

spectra for Cu,0 and metallic Cu in Figure 2F)!°!

, it cannot be discarded that both states are present
under catalysis. Indeed, a separate experiment with three recorded scans where the potential was
held at -0.43 V vs RHE for 20 min per scan, showed an evolution of a peak at 8983 eV that is
clearly characteristic of Cu" (see Supporting Figure S14(b)). It is possible that the 2-electron
reduction of Cu®" occurs in single-electron steps that are very close in potential, inducing co-
existence in the conditions of CO2RR. Further studies are needed to clarify this fact. After
collecting data at -0.43 V vs RHE, the cell was returned to open circuit to collect XANES of the
relaxed catalyst. The corresponding spectrum was again consistent with a formal Cu®* state, but
there were subtle differences in line shape with respect to the pristine compound, consistent with
both ex situ XPS and XAS at the Cu L3-edge. These observations indicate a very rapid return to an
oxidized state, but with differences in the chemical environment of Cu, changing bonding with
ligands. They are also subtly, but importantly different from the observations of re-oxidation of
metallic Cu by Karapinar et al.l’® and Weng et al.® who exposed the reduced electrode either to
air for 10 h or to oxidizing potentials, compared to the short relaxation in the electrolyte, at OCV,
carried out here. Assuming that some metallic Cu formed during CO2RR, the fact that the catalyst
returned to Cu?" in a short time would imply the formation of very small Cu clusters that would
require a significantly lower reduction potential compared to the bulk. In fact, Karapinar et al.
reported virtually no re-oxidation during OCV of the 0.5-nm clusters of metallic Cu formed during

CO2RR, with prolonged air exposure needed for the process to occur P8,

DFT calculations were performed to study activity, selectivity and stability of Cu-THQ (see

Supporting Information S17 for details). The reaction mechanism adopted for CO formation from



COaz is given in Equations (1-3). The intermediate CHO* formation is also included for comparison
of competing pathways, as shown in Equation (4). The other competing pathways involving
various intermediates are illustrated in Figure S16. The asterisk indicates species adsorbed on the

surface.

C0,(g9) + H* + e~ - COOH" (1)
COOH* + H* + e~ - CO* + H,0()) )
CO* - CO(g) + * 3)

CO* + H* + e~ > CHO" 4)

The structures of clean Cu-THQ surface and the key intermediates are shown in Figure 3a, b, and
c. In CO; reduction, the first proton-electron transfer gives COOH on Cu-THQ surface (see
Equation (1)). The COOH binds on O site next to Cu atom via unsaturated C, as shown in Figure
3b. The second proton-electron transfer yields CO and water, as described in Equation (2). The
CO binds on Cu site via C atom with the perpendicular configuration (as depicted in Figure 3c).
Due to the CO adsorption, the Cu atom is pulled out of plane as shown in the side view in the

bottom panel in Figure 3c.

The free energy diagrams along with solvation correction, AGsol, were generated using the energies
of a Cu-THQ clean surface, CO> gas and a proton-electron pair as the references. As shown in
Figure 3d, the reaction of COOH* formation at 0 V vs RHE (i.e. dotted blue lines) is endergonic
with a free energy of 0.60 eV. Compared to COOH* formation, the second proton-electron pair
transfer to form CO* and H>O at 0 V vs. RHE is more facile with AGso 0of -0.88 eV. CO desorption
from the surface requires 0.90 eV. Therefore, the first proton-electron transfer step to form COOH*
is considered as the potential limiting step for CO evolution with the limiting potential of 0.60 V
vs RHE. Since the equilibrium potential is 0.31 V vs RHE based on DFT calculations for CO
formation, the overpotential of -0.29 V is needed in order to make the reaction proceed downhill

as shown with solid blue lines in Figure 3d.



It is well known that metallic Cu is able to selectively catalyze CO, to hydrocarbons[®*6%. With
this in mind, we computed the free energies of CHO* formation on Cu-THQ (see Equation (4)),
which is commonly considered as the potential limiting step for methane and methanol production
on Cu (211) surface!®. At 0 V vs. RHE, the CHO* formation on Cu-THQ from CO* demands a
AGso1 0f 0.74 eV as shown with dotted red lines in Figure 3d, indicating that the reaction is still
unfavorable, even at applied overpotential of 7 of -0.29 V (see solid red lines in Figure 3d). It is
noted that although the CHO* formation (AGso1=0.74 eV) is less positive than CO desorption (0.90
eV), the CO adsorption free energies decrease as the adsorption coverage increases, as displayed
in Figure 3e. Therefore, CO* formation is competing for the surface Cu sites with CHO*
formation. However, as the overpotential becomes more negative, CHO* production is expected
to become more favorable (see reaction pathway at -0.29V in Figure 3d), which will lead to a
decreased CO production at higher potentials as compared to other products. It is believed that Cx+
products selectivity from CO> reduction remains low on Cu based catalyst because it requires high
over potential for the intermediates of C-C coupling. Therefore, we did not include the pathways
for Cz+ products formation on Cu-THQ. (Nature Catalysis 2020, 3, 478487, Nature Catalysis,
2019, 2, 198-210) To investigate stability of Cu-THQ under CO2RR conditions, we have evaluated
thermodynamics of two-electron Cu reduction to bulk Cu metal as shown in Figure S17. We
conclude on the basis of our DFT calculations that if Cu in the Cu-THQ is reduced to relatively
large Cu particles, it is unfavorable thermodynamically to oxidize Cu back into the original Cu-
THQ structure.

To have a closer look into the change in the charge of Cu sites before and during the CO2RR

63-65] The calculated charges of Cu atoms in

reaction, the Bader charge analysis was performed!
Cu20 (0.55¢e) and CuO (0.95¢) bulk structures were used as references. The charges of Cu, O and
C atoms on a clean Cu-THQ surface and on the Cu-THQ surface with adsorbed CO, i.e. CO*, are
labeled in Figure 3a and c, respectively. The Cu atom on the clean surface is identified as divalent
copper as it holds a positive Bader charge of 1.03e. After CO adsorption on this Cu site, Cu
becomes less positive, corresponding to an intermediate between a monovalent and divalent
reference. Analysis of charge distribution indicates an electron transfer from C to Cu upon CO
adsorption (see charge values in Figure 3c). This observation would support the existence of

reduced Cu from the operando XANES measurements and point toward the active role of Cu®

during CO2RR.



In summary, we found that c-MOFs are ideal catalytic candidates to drastically enhance the energy
efficiency and product selectivity of CO2RR. In particular, we revealed that 2D Cu-THQ c-MOF
delivers record values of TOFs and TONs for CO formation at low overpotentials and exhibits a
negligible overpotential for CO2 reduction reaction. XANES and DFT results further supported
the electrochemical results and provided more in-depth insight on the reaction mechanism. These
interesting findings can open a new way for further advances in core electrocatalytic reactions with

applications in energy storage and conversion systems.
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Cu-THQ NFs
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Figure 1. Characterization of 2D ¢-MOF NFs. (a) Cu-THQ NFs dispersed in IPA (b) Representative AFM image
of Cu-THQ NFs. (¢) Thickness distribution of Cu-THQ NFs. (d) Lateral size distribution of Cu-THQ NFs. (e) HRTEM
images of Cu-THQ NFs along [001] showing an elliptical pore packing. The inset is the Fourier transform of the
image. (f) HRTEM image in the red box in (E). (g) Lattice-averaged and symmetry-imposed image obtained from the
HRTEM image in (F). Embedded is the AB stacking model of Cu-THQ. (h) XPS survey spectra of Cu-THQ powder
and NFs.
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Figure 2. CO: reduction performance at low overpotentials, product analysis, and electronic and chemical
characterization of Cu-THQ catalyst. (a) LSV results (scan rate of 50 mV s™') for electrochemical reduction of CO»
in 1 M choline chloride and 1 M KOH using Cu-THQ NFs for different particle sizes. (b) DEMS analysis results for
CO and H; production during LSV experiment (scan rate of 1 mVs™) for Cu-THQ NFs. Blue dotted line shows fitted
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line for increase in CO from -0.126 V to -0.43 V vs RHE. The inset shows Faradaic efficiencies of CO and H»
formation for different potentials. (¢) TONs for CO production during 1-hour chronoamperometry experiments at
controlled potentials. The inset shows TOFs at these potentials after 1 hour. (d) XPS results of Cu 2p region in Cu-
THQ catalyst before and after 7-hour CO,RR experiment at -0.43 V vs RHE. (e) Cu-L; XAS results of Cu-THQ
catalyst before and after 7-hour CO,RR experiments shown in total electron yield mode. (f) Operando XANES results
of Cu-THQ catalyst recorded at Cu K-edge.
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Figure 3. Density Functional Theory Calculations of CO2RR on Cu-THQ. The top views (upper panels) and side
views (bottom panels) of DFT-calculated structures of (a) clean Cu-THQ surface (b) adsorbed COOH on Cu-THQ
surface (¢) CO molecule (one sixth coverage) on the Cu-THQ surface. The C, O and Cu atoms are depicted in grey,
yellow and purple, respectively. Bader charges for Cu, O and C species are shown in (a) and (c). The black lines
represent the periodic boundaries. (d) The free energies including solvation corrections for CO production on Cu-
THQ at 0 V vs RHE in dotted blue lines and at overpotential 77 of -0.29 V in solid blue lines. The pathways to CHO*
are shown with red lines. (e) The adsorption free energies of CO at different coverages on Cu-THQ.
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Experimental Section

Cathode Preparation: Cu-THQ NFs were synthesized using a liquid-phase exfoliation method. 30 mg of
the Cu-THQ powder was dispersed in 12 mL of IPA. Ultra-sonication (Vibra Cell Sonics 130 W) was used
for 4-6 hours followed by centrifugation for 60 minutes at 2000-3000 rpm to obtain the corresponding
reduced lateral sizes of NFs. For cathode preparation, 200 mg of Cu-THQ NFs was deposited on 1 cm? of
GDE (Sigracet 25 BC, purchased from FuelCellsEtc). The coated substrate was dried overnight in an argon
filled glove box.

DLS Experiments: Malvern Zetasizer Nano ZSP system was used to measure the lateral size of NFs
dispersed in IPA at 25 °C. The instrument operates with a 10 mW semiconductor laser with 633 nm
emissions.

AFM Experiments: A Bruker ICON Dimension was used to obtain the topography maps of drop-cast
flakes and the statistical flake thickness distributions. After drop-casting the Cu-THQ NFs on silicon chips,
the substrates were carefully washed by acetone, IPA, and deionized water.

TEM Experiments: Samples for TEM observation were diluted in IPA. A droplet of the suspension was
transferred onto a carbon-coated copper grid. High-angle annular dark-field (HAADF) STEM imaging and
EDS mapping were performed on a JEOL JEM2100 microscope, and operated at 200 kV (Cs 1.0 mm, point
resolution 0.23 nm). TEM images were recorded with a Gatan Ultrascan CCD camera (resolution 2048 x
2048 pixels).

XPS Experiments: A Thermo Scientific ESCALAB 250Xi instrument was utilized to perform XPS
experiments. Thermo Avantage software was used to analyze and process each element’s data.
Electrolyte Preparation: Choline chloride was (CsH4CINO) purchased from Sigma-Aldrich. Potassium
hydroxide (KOH) was purchased from Fisher-Scientific. The solutions were mixed to the desired
concentration using Barnstead NANO pure water (18.2 MQ and 25 “C).

Electrochemical Experiments: The Cu-THQ coated GDE was used as the working electrode. Ag/AgNO;
(with 0.1 M AgNOs in 1 M KOH and 1 M choline chloride as filling solution) and platinum mesh (surface
area 0.48 cm?) were used as reference and counter electrodes, respectively. First, CO, gas was bubbled for
approximately 30 minutes into the electrolyte along with stirring to minimize the mass tanster €ffect and
complete the saturation. The pH of the electrolyte was measured to be ~7.6. LSV experiments were
performed in a standard two-compartment electrochemical cell at scan rate of 50 mV s''. All potentials were
converted to RHE (see Supporting Information S7).

DEMS Experiments: Real time analysis of the gas products from CO.RR was carried out using DEMS
(purchased from Hiden Analytical). In order to calibrate the gas species (H> and CO), the two compartment
cell was used as the working setup and four gas mixtures of 1, 5, 10 and 20 percent for each of the gas
species (H» and CO) in Argon were chosen. The different gas mixtures were purchased from Praxair. For
further details of gas product characterization and DEMS experiments see Supporting Information S8-10.
XANES Experiments: Cu K-edge XANES measurements were conducted between 8867 ¢V and 9210 eV
at beamline 9-BM and longer duration scans were recorded at beamline 10-BM at the Advanced Photon
Source. The operando cell was built (Figure S14(a)) with Kapton windows for X-ray passage, with a
platinum wire as a counter electrode, Ag/AgNOs reference electrode, and the Cu-THQ catalyst deposited
on GDE was used as a working electrode. The electrolyte was the mixture of 1M choline chloride and 1M
KOH. CO; gas was bubbled through the electrolyte at a slow rate to induce saturation. Measurements were
performed in fluorescence mode using Vortex-ME4 a four-element silicon drift detector. For further details
of Cu-L3; XAS experiments see Supporting Information S16.

DFT Calculations: For details of DFT calculations see Supporting Information S17.
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