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Non-Aqueous Electrochemical CO2 Reduction to
Multivariate C2-Products Over Single Atom Catalyst at
Current Density up to 100 mA cm−2

Rajan R. Bhawnani, Rohan Sartape, Vamsi V Gande, Michael L. Barsoum,
Elias M. Kallon, Roberto dos Reis, Vinayak P. Dravid, and Meenesh R. Singh*

Electrochemical CO2 reduction reaction (CO2-RR) in non-aqueous electrolytes
offers significant advantages over aqueous systems, as it boosts CO2 solubility
and limits the formation of HCO3

− and CO3
2− anions. Metal–organic

frameworks (MOFs) in non-aqueous CO2-RR makes an attractive
system for CO2 capture and conversion. However, the predominantly
organic composition of MOFs limits their electrical conductivity and
stability in electrocatalysis, where they suffer from electrolytic decomposition.
In this work, electrically conductive and stable Zirconium (Zr)-based
porphyrin MOF, specifically PCN-222, metalated with a single-atom
Cu has been explored, which serves as an efficient single-atom catalyst
(SAC) for CO2-RR. PCN- 222(Cu) demonstrates a substantial enhancement in
redox activity due to the synergistic effect of the Zr matrix and the single-atom
Cu site, facilitating complete reduction of C2 species under non-aqueous
electrolytic conditions. The current densities achieved (≈100 mA cm−2) are
4–5 times higher than previously reported values for MOFs, with a faradaic
efficiency of up to 40% for acetate production, along with other multivariate
C2 products, which have never been achieved previously in non-aqueous
systems. Characterization using X-ray and various spectroscopic techniques,
reveals critical insights into the role of the Zr matrix and Cu sites in CO2

reduction, benchmarking PCN-222(Cu) for MOF-based SAC electrocatalysis.

1. Introduction

Electrocatalytic reduction of CO2 has been one of the prime
areas of research in the field of sustainable chemistry and
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engineering.[1–4] Due to the increase in av-
erage global temperature annually, there
has been an equivalent surge in develop-
ing processes that can efficiently capture
and convert CO2 into value-added products
and fuels.[5–7] In the past two decades, ad-
vancements have been made in identify-
ing metallic and molecular catalysts and
testing them for efficient electrocatalytic re-
duction to syngas, C1 (methane, methanol,
formic acid), and C2 (ethylene, ethanol,
acetic acid, etc.) products.[8–11] To enhance
the catalyst performance in terms of selec-
tivity and scalable current densities, prop-
erties like surface area and binding effi-
ciency of the gaseous species and inter-
mediates on the catalyst surface play a
key role.[12–14] Therefore, taking these into
consideration, the field of materials re-
search has primarily focused on engineer-
ing catalysts in the form of nanofibers,
nanoparticles, 2D nanorods, etc. that have
not only increased performance but also
provided longer operational stability.[15–19]

In conjunction with catalyst perfor-
mance, efforts have also been made to
develop processes to maximize selectivity

toward a variety of C1- and C2-products and reduce the un-
wanted hydrogen evolution reaction (HER).[20,21] For example,
deploying Cu alloys with small quantities of Zn, Ag, Sb, and
Sn has enhanced the selectivity of ethanol and ethylene, thereby
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minimizing parasitic H2 formation.[22–27] Studies have also been
conducted where the catalyst is coated with thin layers of
ionomers to make the surface marginally hydrophobic to inhibit
HER without compromising the binding of CO2 and other in-
termediates on the catalyst surface.[28–31] Along with these strate-
gies, performing the CO2-RR reaction in non-aqueous environ-
ments has also proven to be one of the propitious approaches
toward tackling HER.[32–35] The solubility of CO2 in non-aqueous
environments is much higher compared to aqueous electrolytes.
Furthermore, non-aqueous conditions allow tunable control of
proton sources for the reduction of CO2 to valuable products
like formates, oxalates, malates, glycolates, and glyoxalates.[36–41]

However, the reported Faradaic Efficiencies (FEs) for C2-products
in non-aqueous media have generally been lower, with the ma-
jority of selectivity favoring CO production. This is applicable
for metallic as well as certain molecular catalysts that have been
reported previously. Additionally, the obtained current densi-
ties have been on the lower end, posing further challenges for
commercializing and scaling up the process in a non-aqueous
medium. Therefore, there is a need for the development of effec-
tive catalysts that provide higher FEs for C2-products alongside
higher current densities in a non-aqueous medium.
Discovery and development of Metal–Organic Frameworks

(MOFs) have showcased exceptional CO2 capture and separation
due to their high porosities and affinity toward select gases.[42–45]

Most MOFs have very low electrical conductivities making them
poor candidates for electrocatalytic applications.[46,47] However,
a few classes of MOFs, including Porphyrin Coordination Net-
works (PCNs), have emerged to provide comparable performance
to the metallic catalysts in this area for electrocatalytic and photo-
catalytic CO2 reduction.

[48] Metalated derivates of PCN-222, one
of the Zr-based porphyrinic frameworks, have been developed
and studied for CO2 reduction reaction (CO2-RR).

[49–51] In aque-
ous environments, Cu-metalated PCN-222 yielded ethylene (25%
FE) whereas, in a non-aqueous medium Fe-metalated MOF-525
(a polymorph of PCN-222) yielded CO (up to 45% FE).[50,51] The
metalated sites act as single-atom catalysts, which have proven to
significantly increase the overall selectivity toward valuable prod-
ucts and yields andminimize the HER.[52–54] MOF-stabilized sin-
gle atom sites in non-aqueous environments further control the
proton addition to the reaction intermediates and products and
allow a greater extent of reduction. It has also been reported that
the single atom sites of CO2RR catalysts such as Cu have exhib-
ited altered density of states that further manipulates the coordi-
nation environments to improve intermediates binding and cou-
pling reactions.[55–57]

In this work, we report the electrochemical CO2-RR in a con-
tinuous flow cell systemwith PCN-222(Cu) as the catalyst in non-
aqueous media. PCN-222 (Cu), as seen in Figure 1a, has a csq
topology with a hexagonal P6mmmspace group. The porphyrinic
center is metalated with a single Cu atom, and the Zr-porphyrin
network acts as an effective medium for electron transport
(Figure 1b). Moreover, the Zr6 nodes provide exceptional chemi-
cal stability and, in conjunction with the single-atomCu sites, are
responsible for the high current densities of up to 90 mA cm−2

at -2.4 V versus Ag/AgCl. As a non-aqueous electrolyte, tetra-
butylammonium hexafluorophosphate (TBAPF6) was dissolved
in acetonitrile (ACN) to serve as a catholyte. The anolyte was 0.5m
H2SO4, and both chambers were separated by a cathode exchange

membrane. Due to the aqueous nature of the anolyte, small
amounts of water molecules diffuse into the catholyte chamber
as a function of time, which aids the formation of protonated C2
-products in the catholyte chamber. The acidic environment in
the catholyte chamber due to the TBAPF6 salt, the -OH and the
-H2O ligands on the Zr6 node of the MOF get deprotonated that
further facilitates complete reduction of the C2 product species.
Acetate was the primary product obtained in this study with FE
upto 40% at -2.3 V versus Ag/AgCl, which is a resultant of a com-
plete reduction of other C2 products like oxalate, glyoxalate, and
glycolate. Additionally, formic acid and CO were also obtained
with FEs between 15–25%. Figure 2a shows the previously re-
ported catalysts (metallic and molecular) and their correspond-
ing FEs and the current densities in non-aqueous environments
and have been compared against this work. A handful of studies
have reported the formation of acetates as the major product in
non-aqueous conditions. Figure 2b shows the comparison plot of
studies that have reported acetic acid/acetate as themain product
in both aqueous and non-aqueous environments. Except for this
work, all the previous studies in Figure 2b have been conducted
in aqueous environments. It can be seen that the performance
reported in this work under non-aqueous conditions is compara-
ble to that of the reported aqueous studies. Detailed comparison
of C1- and C2-products is also included in Tables S1 and S2 (Sup-
porting Information). Along with the performance, the pathways
of formation of each of the products obtained have also been il-
lustrated toward the conclusive portion of this study.

2. Results and Discussion

2.1. Catalyst Synthesis and Characterization

Solvothermal routes were implemented to synthesize PCN-222
and Cu-metalated PCN-222. Detailed synthesis protocol is in-
cluded in Section S1 (Supporting Information). Post-metalation
of PCN-222 in the presence of CuCl2 was performed to metalate
the porphyrin centers of the MOF.[77–80] Powder X-ray diffrac-
tion (PXRD) signatures of synthesized non-metalated and met-
alated bulk PCN-222 are shown in Figure 3a. The experimen-
tal signatures are in good agreement with the simulated spec-
tra of PCN-222. Further, Fourier-Transformed Infrared (FTIR)
and Ultraviolet (UV) spectroscopy were carried out to confirm
the PCN-222 signature and Cu coordination at the porphyrin
centers, respectively. Figure 3b shows the FTIR spectra of PCN-
222 and PCN-222(Cu). The peaks at 1655, 1384, and 1285 cm−1

represent -C═O, -C═C-, and -C─O bonds, respectively, as re-
ported previously.[81–83] UV spectroscopy was performed by di-
gesting the individual bulk powders in 1 m NaOH, as reported
previously.[51,77] UV analysis not only provides a confirmation
of the Cu coordination but also provides a qualitative measure-
ment of the complete metalation of the porphyrin centers. As
seen in Figure 3c, the non-metalated TCPP and PCN-222 have
similar locations of the Q-bands at 527, 566, and 597nm. In the
case of Cu-metalated PCN-222, only two of the three Q-bands are
seen, and more importantly, they appear to be shifted when com-
pared to their non-metalated analogues. This further confirms
the complete metalation of the porphyrin centers with the Cu
atom, and the observation is in line with the previous reports.
The TCPP and TCPP(Cu) act as fingerprint spectra to confirm the
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Figure 1. a) Zr6 nodes and Cu-metalated Tetrakis (-4-carboxyphenyl) porphyrin (TCPP) linker forming the 8-connected, csq topology PCN-222(Cu) MOF,
b) PCN-222(Cu) MOF deposited on a GDE cathode for CO2 electroreduction showing electron transport through the redox-conductive TCPP linker,
between the single atom Cu sites. H-atoms have not been shown for clarity purposes.

Figure 2. a) Comparison of performance (FE vs current densities) of previously reported catalysts in non-aqueous environments. The referenced articles
are: ref. [36,58–64] b) Previously reported performance of different catalysts for electroreduction of CO2 to Acetic acid/Acetate. Except for this work, all
the previous studies marked here have been conducted in aqueous environments. The referenced articles are: ref. [65–76].
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Figure 3. a) Simulated, powder (bulk) and deposited (on GDE) XRD spectra of PCN-222(Cu). Upon deposition, the PCN-222(Cu) MOF retains their
crystal structure, b) FTIR spectra of PCN-222(Cu) deposition onGDE, c) UV spectra of non-metalated andmetalated TCPP and PCN-222MOF confirming
the single atommetalation of Cu in the porphyrin cage. Equal amounts of all powders were digested in 2mL of 1 mNaOH and the samples were analyzed
on a UV spectrometer, d) SEM image of deposition of PCN-222(Cu) on GDE, e) SEM-EDS of bulk PCN-222(Cu) with Zr and Cu elemental maps. The
scale bar for all images is 5 μm.

metalation in their respective PCNderivatives. Scanning-electron
microscopy coupled with energy dispersive X- ray spectroscopy
(SEM-EDS) analysis was performed on the bulk powder and the
MOF deposited on the gas diffusion electrode (GDE) to further
confirm the presence of Cu. Figure 3d shows the typical ellip-
soidal morphology of the PCN-222(Cu) MOF deposited on the
GDE. Figure 3e,f confirms the presence of the Zr and Cu, re-
spectively, through the EDS analysis of single crystal MOF. In-
ductively Coupled Plasma Mass Spectrometry (ICP-MS) analy-
sis was performed to confirm the weight percentages of Zr and
Cu in the bulk PCN-222(Cu) powder. The obtained percentages
were in agreement with the theoretical elemental weight per-
centages in the PCN-222(Cu) MOF. The results of the supple-
mentary information are tabulated in Table S3 (Supporting In-
formation). The details of the synthesis of the catalyst ink are
reported in Section S1 (Supporting Information) of the supple-
mentary information. The P-XRD, FTIR, and SEM analyses were
repeated on the MOF ink-coated GDEs to ensure successful de-
position and signature of the deposited MOF. The obtained re-
sults exactly matched the results obtained from the bulk PCN-
222(Cu) analysis. The experimental and simulated XRD spectra
and the SEM of the PCN-222 only depositions that were used
for control studies are included as Figures S1 and S2 (Support-
ing Information). Scanning transmission electron microscopy
coupled with EDS (STEM-EDS) analysis was performed on the
bulk PCN-222(Cu) MOF to obtain the low and high-resolution
images and the elemental distribution. Figure 4a,b shows the
low-resolution STEM-EDS image of single crystal PCN-222(Cu)
MOF. Figure 4c,d shows high-resolution STEM-EDS of edges of
one of the PCN-222(Cu) crystals. Conclusively Figure 4 confirms
the distribution of Zr and Cu at the lattice scale. The EDS spec-

trum and the d-spacing of the (001) face obtained from the STEM
experiments are included in Figures S1 and S2 (Supporting In-
formation).

2.2. Electrochemical Reduction of CO2 in Non-Aqueous Media

All electrochemical reduction experiments were conducted in
a continuous, flow cell-based setup similar to the one re-
ported previously that utilized aqueous electrolytes with slight
modifications.[84–86] The schematic of a 3D-printed electrochemi-
cal cell is shown in Figure 5a. The anolyte chamber was filled with
0.5 m H2SO4 and was maintained without recirculation. On the
other hand, the catholyte chamber was recirculated with a 0.5 m
TBAPF6 acetonitrile electrolyte solution as shown in Figure 5b.
Both chambers were separated by a Cation Exchange Membrane
(CEM). The setup was configured with a standard three-electrode
configuration containing the PCN-222(Cu) film on GDE, an
Ag/AgCl electrode, and a Pt ingot, that acts as working, refer-
ence, and counter electrodes, respectively. Prior to conducting the
electrochemical reduction experiments, linear sweep voltamme-
try (LSV) measurements were conducted with Ar-saturated and
CO2-saturated electrolyte solutions. As seen in Figure 5c, an in-
crease in the currents beyond -1.4 V versus Ag/AgCl for the CO2
saturated solution, indicates the activity of the catalyst toward re-
duction of CO2.
The FEs for liquid and gaseous products were obtained from

the high-performance liquid chromatography (HPLC) and gas
chromatography (GC) analysis, respectively (details in Section
S2, Supporting Information). Figure 5d shows the product dis-
tributions and the corresponding current densities at different
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Figure 4. (a) STEM image of single crystals of PCN-222(Cu), scale bar is 2 μm, b) STEM-EDS mapping of image in (a) single crystals of PCN-222(Cu)
showing Zr and Cu signature, scale bar is 2.5 μm, c) High-resolution STEM image of PCN-222(Cu), scale bar is 20 nm, (d) High-resolution STEM-EDS
mapping of image in c) sample showing lattice level resolution of Zr and Cu distribution, scale bar is 50nm. The EDS spectrum and lattice fringes
showing d-spacing of the (100) face for the STEM-EDS have been included in Figures S3 and S4 (Supporting Information).

potentials versus Ag/AgCl at which the electroreduction experi-
ments were conducted. At lower potentials, i.e., at -1.8 V versus
Ag/AgCl, the product stream was dominated by H2 at 46% FE
followed by 15% CO as the main gaseous products and smaller
percentages of liquid products were detected, with the majority
of it being acetate at 12%. However, as the reduction potential
increased, the FE of acetate increased up to 40% at -2.3 V ver-
sus Ag/AgCl. CO was also observed at a high % along with other
liquid products like oxalate, glycolate, glyoxylate, and formate at
lower percentages. However, the product selectivity toward ac-
etate drops when the potential is increased beyond -2.3 V versus
Ag/AgCl. At higher potentials, a slightly higher percentage of ox-
alate was observed along with H2 and CO with less than 3% of
the C2 products each. The control experiments to test the per-
formance of PCN-222 only in the absence of Cu were conducted
and the obtained LSVs, product distributions and current densi-
ties are included as Figure S5 and S6 (Supporting Information).
Ex situ FTIR analysis was conducted to study the liquid prod-
ucts at different timestamps. The samples were collected from
the recirculating reservoirs at different times during the reduc-
tion reaction at -2.3 V versus Ag/AgCl and were analyzed under
FTIR. Prior to analysis, the background spectra were subtracted
with the CO2-saturated pure electrolyte solution at t = 0 to de-
tect the signal from the product species. The peaks at 1702 and
1635 cm−1 shown in Figure 5e correspond to the -COO asymmet-
ric stretches, whereas the peak at 1375 cm−1 shown in Figure 5f
corresponds to the -COO symmetric stretch.[61] Due to the -COO
bond being a common functional group in all the obtained prod-
ucts, the individual product presence cannot be distinguished.
However, LC analysis of these exact samples confirmed the pres-
ence of thesemultivariate products shown in Figure 5d. The pres-
ence of protonated products in the stream (Formate, Glycolate,

Glyoxylate, and Acetate) can be directly attributed to the pres-
ence of protons in the catholyte chamber. One of the primary
reasons for the presence of H+ ions can be attributed to the mi-
gration/diffusion of water molecules from the acidic anolyte to
the catholyte chamber through the CEM membrane. This hy-
pothesis has been reported previously in cases where the anolyte
contained protic electrolytic solutions, which further justifies the
presence ofH2 in the gaseous streamdue to someHERoccurring
at the cathode suppressing CO2 reduction.

[33,34,87] Figure 5g fur-
ther shows the increase in the -OH stretch intensities. This signal
can be attributed to either the presence of water or from the for-
mation of -COO species in the product stream. To further investi-
gate the increase in the -OH signal, Karl-Fisher (KF) titrations on
these samples from different timestamps were performed. These
titrations did further confirm the presence of water in the product
samples, thereby confirming the reason for the increase in -OH
peak intensities in FTIR. The increasing weight percentages of
water obtained from the titrations at different times are shown
in Figure 5h.

2.3. Role of the Catalyst and Reaction Mechanism of Multivariate
C2-Products Formation

2.3.1. Role of PCN-222(Cu) Catalyst

The presence of H+ ions and H2Omolecules is crucial for the re-
action progression to these valuable C2 products. One of the sce-
narios of the presence of water molecules is due to the migration
from the anolyte chamber through the membrane (Figure 3h).
On the other hand, in the case of the catholyte, TBAPF6 is an
acidic electrolyte that maintains the pKa of the medium in the
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Figure 5. a) Schematic representation of the continuous flow setup for electrochemical CO2-RR studies, b) 3D view of the individual parts of the flow cell
assembly, c) Linear Sweep voltammogram (LSV) of PCN-222(Cu) MOF in 0.5 m TBAPF6 in acetonitrile with Pt counter electrode and Ag/AgCl reference
in Ar and CO2 environments respectively, depicting the activity of the catalyst toward CO2 reduction, d) Faradaic efficiencies and current densities for
CO2-RR using the PCN-222(Cu) catalyst against different potentials versus Ag/AgCl electrode, e) Ex situ FTIR analysis of the product solution showing
the -C═O stretching at 1634 and 1705 cm−1 that can be attributed to the signatures of oxalate, glyoxalate, glycolate and acetate, f) Ex situ FTIR analysis
of the product solution showing the -C─O stretching at 1375 cm−1 that can be attributed to the signatures of oxalate, glyoxalate, glycolate and acetate,
g) -O─H signature in the product solution from ex situ FTIR attributed to migrated water from the anolyte to the catholyte, h) Karl–Fisher (KF) titrations
to obtain the weight% of migrated water from the anolyte to the catholyte.
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Figure 6. a) Zr6 node showing the proton topology of -OH and -H2O ligands and the deprotonation of these ligands and different pKas, b) High-
resolution XPS spectra of Cu from the PCN-222(Cu) deposition pre-electrolysis, c) High-resolution XPS spectra of Cu from the PCN-222(Cu) deposition
post-electrolysis, d) Comparison of the 2p3/2 peaks of Cu from (b) and (c) showing the shift in the binding energies implying the change in oxidation state
of Cu from Cu-(II) to Cu-(I), e) Possible structural transformation and coordination environments of Cu in the porphyrin cage pre- and post- electrolysis.

range of 3.5–6 in acetonitrile.[88,89] The PCN-222 consists of the 8-
COO-connected polynuclear Zr nodes in which the remainder of
the coordination environment of the polynuclear core is satisfied
by -OH and -H2O ligands. These water and hydroxyl groups are
responsible for the Bronsted acidity of the molecular catalyst.[90]

From previous potentiometric acid–base titration studies of Zr
MOFs and computational pKa calculations, it was observed that
in the mentioned pKa range, these hydroxyl and water ligands
dissociate to release protons.[81,90–92] These two combined scenar-
ios justify the availability of the protons for reaction progression

in the catholyte chamber. Figure 6a shows the topology of the Zr
node and the pKa ranges at which the protons are released in the
solution fromprevious reports. Therefore, it can be stated that the
catholyte environment is moderately acidic that also determines
the dominant reaction pathways for CO2 reduction.
The reaction proceeds with the sequential addition of H+ and

e− to the dianionic species present in the catholyte chamber (dis-
cussed in the next section). The Cu-II site is reduced to Cu-I,
therefore acting as the electron donor for the reduction reac-
tions. X-ray photoelectron spectroscopy (XPS) analysis of pre- and
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post-electrocatalysis samples confirms the transition from the
Cu-II oxidation state to Cu-I oxidation state. Figure 6b–d shows
the pre-, post- and comparison of the 2p3/2 peak location for the
ionic Cu species. The metalation of the porphyrin compounds
is usually performed in presence of metal halides, in this case
CuCl2. The final coordination of Cu in the porphyrin cage is such
that the one of the -Cl remains bonded to the Cu and the elec-
tron donor N-groups in the porphyrin cage, form a coordinate
bond with the central Cu-atom. Thus, the final molecular con-
figuration of the metalated Cu-II is square pyramidal. By appli-
cation of the reduction potential, the electron hopping mecha-
nism and reduction of the single atom Cu-sites alters the coordi-
nation environment and thus its molecular configuration inside
the cage. Thus, as seen in Figure 6e, the finalmolecular geometry
of the Cu is transformed into the square-planar structure. This
phenomenon has been hypothesized in previous studies under
similar circumstances.[93] Further post-electrolysis characteriza-
tions such as XRD, SEM and XPS are included as Figures S7–S9
(Supporting Information) respectively in the supplementary in-
formation.

2.3.2. Reaction Mechanism

As discussed above, the availability of the protons and electrons
is governed by the nature of the catalyst. However, the extent of
the reduction reaction ismainly governed by the overpotential. In
other words, the overpotential determines the rate at which the
electrons and protons get added to a variety of species occurring
on different pathways on the energy landscape. The electrochem-
ical reaction initiates with the adsorption of the CO2 molecule on
the Cu single-atom site, which forms a highly reactive CO2 radi-
cal anion (CO2

−*). All the reaction pathways proceed hereafter, as
shown in Figure 7. Figure 7 (Scheme 1) shows the pathways for
the formation of CO andHCO3

−. To stabilize this radical, a nucle-
ophilic disproportionation reaction takes place, which in the pres-
ence of 1 H+ and 1 e− yields CO and HCO3

−. Figure 7 (Scheme
2) shows a competitive reaction to the one shown in Figure 7
(Scheme 1), leading to the formation of formate, where the radi-
cal anion is simply stabilized by an addition of H+ and e−. Higher
FE for CO is obtained compared to HCOO− due to the limited
availability of protons in the non-aqueous medium; thus, the dis-
proportionation reaction is dominant. Moving forward, Figure 7
(Scheme 3) shows the formation of the oxalate ion, which is a
result of dimerization occurring between two CO2

−* radical an-
ions, which is the most favored pathway for radical stabilization.
This leads to the formation of anionic oxalate molecules. In mod-
erately acidic environments, the protonation of oxalatemolecules
is favored leading to further reduction and rearrangement of pro-
tons to form the hydrated glyoxylate molecule. Each of the fur-
ther reduction steps: 1) glyoxylate to glycolate and 2) glycolate to
acetate follow the traditional e H e H mechanism as shown in
Figure 7 (Scheme 4). Since the formation of glycolate and acetate
initiates from glyoxyalate, the overall reaction is limited by the de-
hydration step of the glyoxalate molecule. However, the forward
reaction is favored as the dehydration is favored by the acidic en-
vironment in the catholyte chamber. The resultant aldehyde in-
termediate is essential for the formation of reduced species – gly-
colate and acetate.

3. Conclusion

The synthesis and detailed study of the Cu-metalated PCN-222
MOF, presented here, have led to a significant step forward in
CO2 electroreduction, especially in non-aqueous environments.
By successfully adding single-atomCu into the porphyrin centers
of PCN-222, we created a catalyst that not only remains stable
during use but also shows much higher activity compared to pre-
vious MOFs, achieving current densities up to five times greater.
Importantly, this catalyst is highly selective for producing valu-
able C2 products like acetate, with a Faradaic efficiency of up to
40%. This high performance is due to the effective interaction
between the Zr matrix and the Cu active sites, which supports
efficient electron transfer and proton availability, helping to drive
the CO2 reduction process.
The analysis of the reaction mechanisms, supported by XPS

studies, shows that the Cu sites play a crucial role in stabilizing
reaction intermediates and facilitating the reduction process by
changing their oxidation state. The moderate acidity in the reac-
tion environment also contributes to the catalyst’s high selectivity
and efficiency.
Overall, this work sets a new standard for MOF-based catalysts

and offers a promising approach for developing efficient, scal-
able technologies for CO2 conversion. The strong experimental
results and clear understanding of the reactionmechanisms sug-
gest that PCN-222(Cu) could play a key role in future efforts to
reduce carbon emissions and create valuable chemical products
from CO2.

4. Experimental Section
Synthesis of PCN-222 (Cu) MOF and Electrode Fabrication: PCN-

222(Cu) Synthesis: Detailed synthesis protocol and electrode prepara-
tion are included in Section S1 (Supporting Information). A traditional
solvothermal method was used to synthesize PCN-222. ZrOCl2.8H2O
(30mg), TCPP (10mg), and Benzoic acid (2700 mg) were dissolved in
15 mL DMF and heated at 135 °C for 24 h. The purple-colored crystals ob-
tained were washed in DMF and acetone for multiple cycles before drying
the powdered material. Post-metalation with Cu of the PCN-222 powder
was performed in the presence of CuCl2.2H2O (20 mg) dissolved in DMF
(18mL) and water (2mL) at a temperature of 100 °C for 24 h. The purple-
colored powder turned to brick red, which was then separated, washed
with DMF and acetone, and dried prior to electrode preparation. For con-
trol studies, the PCN-222 without metalation were used to deposit on the
GDE.

Electrode Preparation and Electrochemical Reduction of CO2: The work-
ing electrode was the PCN-222(Cu) catalyst deposition, and the counter
electrode for the experiments was Platinum. The detailed catalyst ink
preparation and deposition of PCN-222(Cu) on GDE and the fabrication
of the flow cell for the electrochemical measurements are included in
section S1 (Supporting Information). The catholyte comprised of 0.5 m
TBAPF6 dissolved in acetonitrile, while the anolyte was aqueous 0.5 m
H2SO4 solution. The catholyte and the anolyte chambers were separated
by using a pretreated perfluorosulfonic acid-based cation exchange mem-
brane (Nafion 117). Similar suspension was prepared for control stud-
ies using PCN-222. All electrochemical experiments were performed in a
three-electrode flow cell configuration (Biologic SP300 potentiostat and
EC-Lab V11.012 workstation). The operating potentials were referenced
versus Ag/AgCl electrode. The ohmic resistance was measured at the
open circuit potential by performing electrochemical impedance spec-
troscopy (EIS) from 100 kHz to 30 Hz before all the experiments and
fitted using EC-Laboratory with 85% IR-drop compensation. Prior to the
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Figure 7. Schemes 1–4 show the different pathways for the formation of CO, formate, oxalate, glyoxalate, glycolate, and acetate.

start of each chronoamperometric experiment, the electrolyte was con-
tinuously bubbled with 100% CO2 for 30 min. During an electrochem-
ical experiment, catholyte was continuously recirculated from a reser-
voir to the flow cell at 20mL min−1 using a peristaltic pump during the
experiment.

Characterization of Bulk MOF and Electrodes: Powder & High-
resolution X-ray Diffraction XRD were performed on the bulk PCN-222 and
thin-film catalyst electrode on GDE respectively, to obtain the signature
of the MOF structure and ensure the integrity of the MOF post deposi-
tion. SEM coupled with EDS to confirm the crystal morphology and ele-
mental composition of PCN-222(Cu). STEM coupled with EDS was per-
formed to obtain lattice resolution images and the elemental distribu-
tion of the PCN-222(Cu) MOF. FTIR was performed as a characteriza-

tion technique to further confirm the deposition of PCN-222(Cu). XRD
and SEM studies were performed for PCN-222 that was utilized as con-
trol. FTIR was also used to study the product formation ex situ, after elec-
trochemical reduction of CO2 at different time intervals. UV spectroscopy
was conducted to ensure the loading of single atom Cu in the porphyrin
cage. XPS was performed to study the oxidation states and coordination
environments of the elements present in PCN-222(Cu), pre- and post-
electrolysis. The water content of the post electrolysis samples from the
catholyte chamber was measured using KF) titration setup. GC and HPLC
were used to measure the gaseous and the liquid products obtained from
the CO2-RR experiments. Detailed information of the characterization and
measurement techniques have been provided in Section S2 (Supporting
Information).
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