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Cobalt phthalocyanine can effectively convert CO, or CO to methanol.
However, this reaction is hampered by low selectivity (a methanol Faradaic

efficiency of less than 40%) and poor understanding of the kinetics and
mechanism. In this work, we use a mechanism-guided reaction design

approach based on systematic kinetic studies to overcome these limitations.
pH-dependent Tafel analysis and kinetic isotopic effect experiments explain
that methanol production from CO electroreduction is pH independent and
limited by the *CO hydrogenation to *CHO step with H,0 as the major proton
source. Proton donor comparisons show that bicarbonate can promote the
reaction atits optimal concentration of 0.1 M and CO reaction order studies

confirmaHenry type isotherm for CO adsorption on the catalyst surface.
These mechanistic findings lead us to carry out CO reductionina 0.1 M
bicarbonate electrolyte, under 10 atm CO pressure and with a microporous
layer on the electrode to enhance reactant transport. Our reaction achieves
a high methanol Faradaic efficiency of 84% with a partial current density of
more than 20 mA cm2at—-0.98 V versus the reversible hydrogen electrode,
making the electrochemical CO-to-methanol conversion a selective process
viable for practical application.

Electrochemical reduction of CO, to commodity chemicals and fuels
provides a promising technical solution to generate valuable products
from an abundant pollutant and to realize a sustainable economy'™®.
Substantial progress has been made on heterogeneous metallic cata-
lysts (including Cu, Ag, Au, Bi) for converting CO, into a variety of
value-added products such as carbon monoxide (CO), formic acid/
formate (HCOOH/HCOO"), methane (CH,), ethanol (CH,CH,OH) and
ethylene (C,H,)” . However, the presence of many different sites on
metal surfaces is a challenge to mechanistic studies. Molecular cata-
lysts are a promising alternative because their well-defined structures
provide a precise model for theoretical calculations and experimental
studies to understand the reaction mechanism and thereby improve
the catalytic performance' ¢, Many molecular catalysts with various

transition metal centres such as Co, Ni, Fe and Mn have been reported
toshow appreciable activity in CO, electroreduction'**. Most of them
generate two-electron reduction products such as CO and formate.
Further reduced products, although desirable, are hard to obtain.
Our previous work developed a molecular electrocatalyst®,
consisting of amine-substituted cobalt phthalocyanine molecules
supported on carbon nanotubes (CoPc-NH,/CNT), that can stably
reduce CO, to methanol (CH,OH) in substantial yield. The catalytic
activity was proposed to be intrinsic to the CoPc-NH, molecule and
greatly enhanced by its electronic coupling with the highly conduc-
tive CNT support®. Following this initial work, many more efforts have
been devoted to understanding and developing the reaction of CO,
or CO reduction to methanol catalysed by CoPc-based materials®*~*2,
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Challenges
® Unknown mechanism or kinetics
@ Low selectivity (<40% FE)

This work
v/ Systematic kinetic studies
v' High selectivity (>80% FE)

Fig.1| CO-to-CH,OH conversion catalysed by CoPc-NH,/CNT, and the current challenges and progress made in this work. The catalyst consists of CoPc-NH,
molecules highly dispersed on CNT surfaces. This work increased methanol FE from less than 40% to more than 80% using strategies formulated from electrochemical

kinetic studies.

However, the reaction kinetics and mechanism are not understood
except that CO and formaldehyde are reaction intermediates and
that CO reduction is probably rate-limiting, which hampers further
improvement of the catalytic performance (Fig. 1). Thus far, the high-
est methanol selectivity (Faradaic efficiency, FE) achieved in CO,/CO
reduction has been approximately 40% (ref. 25) due to the sluggish
COreductionand competition from the hydrogen evolution reaction
(HER), whichis well below the standard of practical application.
Inthis work, we performed systematickinetic studies of CO electro-
reduction catalysed by CoPc-NH,/CNT and successfully leveraged the
derived mechanistic understanding to considerably improve the FE of
methanol production to more than 80%. In response to the reactant’s
low solubility inaqueous electrolyte, we firstintroduced amicroporous
layer (MPL) into the catalytic electrode structure, whichenhanced the
mass transport of CO and increased the methanol FE from 40 to 66%.
Tafel analysis revealed an unvarying slope close to 118 mV dec™ for
methanol production at electrolyte pH from 7 to 13, indicating that
transfer of the first electron to CO is the rate-determining step (RDS).
pH dependence and isotopic labelling experiments suggested that
H,0 is involved as the major proton source in the RDS, although the
presence of bicarbonate (HCO;") can further enhance proton transfer.
A pressure dependence study showed that the methanol generation
reaction is first order with respect to CO partial pressure, indicating
a Henry type isotherm for CO adsorption on the catalyst surface.
These mechanistic findings inspired us to carry out CO reduction
under high-pressure conditions in KHCO; electrolyte and achieved a
high methanol FE of 84% with a partial current density of more than
20 mA cm~2at-0.98 Vversus thereversible hydrogen electrode (RHE;
all potentialsinthis paper are referred to RHE unless otherwise stated).

Results and discussion

Electrocatalytic properties of CoPc-NH,/CNT for CO reduction
Our previous work has shown that COis always presentin the products
of CO, reduction to methanol, and that CO reduction to methanol
requires a larger overpotential than CO, reduction to CO (refs.19,25).
This suggests that CO reduction to methanol is a more sluggish reac-
tionthan CO,reductionto CO, which agrees with the observation that
most metal-N, molecular electrocatalysts can only convert CO,to CO
(refs. 20,21,23,33). Therefore, in this work we isolate the CO electro-
reduction reaction for investigation. We note that CO does not react
with any commonly used electrolyte, and thus can facilitate reliable
electrokinetic measurements in a wide pH range. Considering that
the reactant is poorly soluble in aqueous electrolyte, we first sought
to enhance the mass transport of CO by introducing a MPL consisted
of carbon particles and fluoropolymers into the electrode structure
(Fig.2a). Not only does the inclusion of the MPL increase the diffusion

limited current for CO reduction to enable reliable kinetic measure-
ments, it may also steer some CoPc-NH, sites from catalysing HER to
catalysing CO reduction.

Measured at ambient temperature and pressure (pressure is
latminallexperiments unless specifically stated otherwise)ina 0.1 M
CO-saturated KHCO; aqueous solution, the CoPc-NH,/CNT catalyst
manifests clear potential dependence in the range of -0.62t0 -0.93 V
(Fig. 2b). Methanol and H, are the only two products detected, which
indicates a single reaction pathway from CO to methanol, a notable
characteristic of molecular catalysts. As the applied potential decreases
from -0.62 to —0.80 V, the methanol FE increases substantially from
12to 66% whereas the H, FE decreases from 86 to 37%. As the potential
becomes even more negative, the methanol FE gradually decreases
as a result of the more competitive HER. The partial current density
of methanol reaches a plateau at —0.87 and —0.90 V and then slightly
decreases at —0.93 V, probably due to CO mass transport limitations.
This result shows more than 50% improvement of methanol selectivity
over the highest reported value, which was obtained using the same
catalyst supported on carbon fibre paper without MPL coating®. In
the potential range from -0.62to -0.87 V,both methanol and H, partial
current densities increase nearly exponentially from several mA cm™
to more than 10 mA cm™ (Fig. 2¢), indicating no apparent CO mass
transport limitation. Thisimportantimprovementinreaction rate and
selectivity, enabled by theimproved microenvironment and interfaces
near the catalyst, laid the foundation for further mechanistic and kinetic
investigations of CO reduction to methanol catalysed by CoPc-NH,/CNT.

Tafel analysis and kinetic isotopic effect
To probethe kinetics of methanol production, thereaction was systema-
tically evaluated in the electrolyte pH range of 7.0 to 13.2 at electrode
potentials between-0.44 and -1.0 Vversus RHE: thatis, between-1.14
and -1.5 V versus the standard hydrogen electrode (SHE) (Fig. 2 and
Supplementary Fig. 1). The CoPc-NH,/CNT catalyst experiences no
notable deactivation during electrolysis as evidenced by the stable
current profile (Supplementary Fig. 2). Total cation concentration
was kept at 0.1 M in all electrolytes to cancel out any cation effect**
in comparing CO reduction activity. All kinetic analysis was done in
the potential range where the methanol production rate is lower than
10 mA cm™to avoid mass transport influences. According to compu-
tational and experimental work in the literature®****?, possible RDSs
of CO reduction to methanol can be summarized as follows (Table 1).
Tafel slopes for methanol production from CO reduction were
determined tobeallaround 118 mV decinawide range pH of 7.0-13.2
(Fig. 3a,b), which suggests that the reaction kinetics is limited by the
initial one-electron transfer process assuming asymmetry factor of 0.5.
Thus, the rate-limiting chemical step (A2) involving the recombination

Nature Synthesis | Volume 2 | December 2023 | 1194-1201

1195


http://www.nature.com/natsynth

Article

https://doi.org/10.1038/s44160-023-00384-6

a
CoPc-NH,/CNT on carbon fibre CoPc-NH,/CNT on MPL-coated carbon fibre
CO CH;OH FE -40% CcO CH,OH FE -66%
b c .
I Hydrogen [ Methanol —— Hydrogen
50 -
100 —O— Methanol
45 1 —A— Total
80 +
SN
& 60 §
] <
b £

40 -

20 4

-0.62 -0.67 -072 -076 -0.80 -0.84 -0.87 -0.90 -0.93
Potential (V versus RHE)

Fig.2|Improving methanol selectivity by enhancing CO mass transport.
a, Schematic of CO reduction to methanol catalysed by CoPc-NH,/CNT loaded
on carbon fibre paper without (left) and with MPL coating (right). b,c, Product
selectivity (FE) (b) and partial current density (c) for methanol and hydrogen
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versus applied electrode potential measured in 0.1 M aqueous KHCO,. Data are
presented as mean values and error bars represent standard deviations (n =3
replicates).

Table 1| Summary of possible RDSs for methanol formation,
and their corresponding Tafel slopes

Possible RDS Tafel slope pH dependent

Al *CO+e~ - xCO™ 118mVdec”’ No

A2 *CO + *H — *CO(H) + **

59mVdec’  Yes

A3 %*CO +e~ +H' > «CO(H) 18mvdec”  Yes

A4 «CO+e +H,0 — «CO(H) + OH™

*The asterisk represents surface sites. *CO(H) denotes that the H atom can be bonded to
either O or C.

118mVdec”’ No

between*CO and *H could be ruled out. On the RHE scale, the reaction
rate of methanol formation increases with electrolyte pH at the same
potential, and the Tafel curves exhibit clear pH-dependent shifts in
potential (Fig. 3a). For example, the potential versus pHslope is fitted
toberoughly 45-48 mV per pH unit at methanol partial current densi-
ties of 1and 5 mA cm™ (Supplementary Fig. 3). The slight difference
from the ideal pH dependency of 59 mV per pH unit could be due to
experimental errors and/or the proton-donating capability of some
ofthe anions, whichwillbe discussed later in this article. Consistently,
the Tafel curves show much smaller potential shifts in response to pH
variation onthe SHE scale (Fig. 3b). The observation that the measured
Tafel curves manifest a substantial pH dependence on the RHE scale
butamuch smaller pH dependence on the SHE scale suggests that the
production rate of methanol is mostly pHindependent. These results
lead to the conclusion that the RDS and its previous steps of the major
reaction pathway should not involve H'. Thus, the electron transfer
step (Al) and the proton-coupled electron transfer (PCET) step (A4) in
which H,0 is the proton source are viable RDS candidates.

To further confirm the RDS of methanol formation, the reaction
rates in KHCO,/H,0 and KDCO,/D,0 electrolytes were compared.

AsshowninFig.3c, the formation rate of methanol at the same applied
potential is severely suppressed when changing from KHCO,/H,0O
to KDCO,/D,0. Since the O-H bond has a higher zero-point energy
than the O-D bond, this kinetic H/D isotope effect indicates that
the reaction rate is limited by proton transfer, probably from water.
We further performed CO reduction in 0.1 M KHCO; electrolytes
with H,0-acetonitrile and H,0-acetone mixed solvents. As shown
in Supplementary Fig. 4, the partial current density of methanol
decreases with the concentration of H,0, which verifies that the reduc-
tion of CO to methanol is affected by the activity of H,0 as the major
protonsource. Thus, we canrule out A1, which has no proton transfer
involved. Therefore, the PCET step (A4) is the most viable RDS that
satisfies all the experimental observations. The proton transfer can
occur at the C or O atom of the adsorbed CO to form *CHO or *COH,
respectively (Fig. 3d). Our recent discovery of the direct electrosyn-
thesis of methylamine from carbon dioxide and nitrate catalysed by
CoPc-NH,/CNT corroborates that methanol is formed from CO, reduc-
tion through aformaldehyde pathway*’. Therefore, *CHO is the more
likely product of the RDS in this case.

Proton donor effect on methanol production

Since the RDS of CO reduction to methanol was found to involve proton
transfer, we further investigated the effect of different proton donors.
First, we compared the partial current density of methanolin different
electrolytes at the same moderate potential of -1.35V versus SHE
(Fig. 4a). The K,HPO,/KH,PO, and KHCO; electrolytes give notably
higher methanol current than the K,CO;and KOH electrolytes, reflect-
ing the effect of proton donors. Note that H,O is the sole proton donorin
thelasttwo electrolytes, and therefore they show comparable methanol
rates. Further comparison reveals that KHCO; exhibits higher activity
and selectivity towards methanol formation than K,HPO,/KH,PO,,
indicating that HCO;™ is a better proton source than H,PO, /HPO,*
for the electroreduction of CO to methanol.
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Fig. 3| Kinetic analysis for methanol production from CO electroreduction
catalysed by CoPc-NH,/CNT. a,b, The RHE scale (a) and the SHE scale (b) Tafel
curves for methanol formation at different electrolyte pH. ¢, Isotopic labelling
experiments measured in KHCO,/H,0 and KDCO,/D,0 electrolytes. d, Schematic

of reaction pathways leading to methanol based on the kinetic results. Data are
presented as mean values and error bars represent standard deviations (n=3
replicates).

Then we determined the reaction orders of methanol and H, for-
mation with respect to the concentrations of HCO;” and H,PO, " in
the range of 0.01to 0.1 M, with KCIO, added to the electrolyte when
needed to maintain a constant cation strength of 0.1 M. Methanol
production shows a 0.33 order dependence on [HCO, ] throughout
the entire concentration range (Fig. 4b), whereas alower order of 0.22
from 0.01to 0.04 M and a near zero order at concentrations higher
than 0.04 M are found with respect to H,PO, (Fig. 4b). This change in
reactionorder could be attributed to decreased *CO coverage caused
by promoted HER competing with CO reduction for active sites and/or
specificadsorption of H,PO, on the catalytic site*’. We also compared
COreduction performance inHCO; versus H,PO," electrolytes of the
same pH. The electrolysis results show that the H,PO, -based electro-
lyte gives amuch lower methanol formation rate but acomparable HER
rate than the HCO, -based electrolyte (Supplementary Fig. 5). These
results again show that HCO;™ is a more effective proton donor in the
reaction of CO reduction to methanol compared withH,0 and H,PO,".
Theless optimal performance of H,PO,is attributed toits capability of
enhancing the HER, which displays a 0.43 order dependence (Fig. 4c).
Specific adsorption of H,PO, onthe catalyst surface, which decreases
*CO coverage, could be another reason*. While both HCO, and H,PO,”
can positively influence the methanol production rate, it is impor-
tant to note that the highest reaction order of methanol formation
with respect to these anions is only approximately 0.3. Therefore, the
major proton source in this reaction is still H,0. As [HCO; ] increases
to higher than 0.2 M, H, evolution is greatly promoted and methanol
productionis consequently suppressed (Supplementary Fig. 6). There-
fore, 0.1 MKHCO;is the optimal electrolyte for this reaction (Fig. 4d).

Mechanism-guided realization of high methanol selectivity
Todetermine thereaction order withrespect to CO, electrolysis experi-
ments were conducted ata constant applied potential of -1.35 V versus
SHE where no apparent CO mass transport limitation occurs, and the
rate of methanol production is relatively high (Fig. 2b,c). Under the
total pressure of 1 atm, the CO partial pressure (p.,) was varied from
0.01tolatmwith N, as the balance gas (Fig. 5a and Supplementary
Fig.7).Aplotoflog(jc,) versus log(pc,) exhibitsaslope of .06 in 0.1M
KHCO;electrolyte, indicating afirst-order dependence on p,. Similar
results are observed in other electrolytes with different pH values
(Supplementary Fig. 8). This kind of p., dependence suggestsaHenry
typeisotherm of CO adsorption on CoPc-NH,/CNT, whichis expected
because the CoPc-NH, molecules are highly dispersed on CNT surfaces®
and thus the site exclusion requirement in the Langmuirianisotherm
hasnot occurred tolimit the adsorption yet. The Henry type isotherm
also indicates that the absolute CO coverage on the catalyst surface
remains low at 1 atm CO and that increasing p., may be a promising
way to further enhance methanol production (Fig. 5b).

Inspired by the mechanistic information obtained from the
aforementioned kinetic studies, we performed CO electrolysis
under high-pressure conditions in 0.1 M aqueous KHCO; using
a two-compartment electrochemical cell capable of operations
with gas pressure up to 60 atm (Fig. 5¢). The high pressure consider-
ably improved the selectivity of methanol from CO electroreduction.
Figure 5d shows the CO electrolysis results at 10 atm CO inthe potential
range from-0.78 to-1.03 V. At the optimal potential of —-0.98 V, metha-
nol is produced with a high FE of 84% and a partial current density of
23.5mA cm™ This is a twofold increase in methanol selectivity from
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the previous highest reported value. Moreover, this resolves one of
the most critical issues for methanol production fromelectrochemical
CO,/CO reduction and brings the reaction closer to some other
electrochemical reactions such as CO,/CO reduction to CO, formate,
ethylene and acetate that hold more promise for practical application
in emission-to-fuel and/or chemical conversion”*>*¢,

Conclusions

In summary, we enhanced performance and mechanistic under-
standing of the CoPc-NH,/CNT-catalysed electroreduction of CO to
methanol. Initially, we increased methanol FE from roughly 40 to
60% by enhancing CO mass transport with theintroduction of an MPL
into the catalyticelectrode structure. We then obtained understanding
of the reaction mechanism through systematic kinetic experiments
including pH dependence, kinetic isotopic effect, proton donor
effect and CO pressure dependence. We found that methanol pro-
duction from CO electroreduction is pH independent and limited by
the *CO to *CHO reduction step with H,0 as the major proton source;
CO adsorption on the catalyst surface follows aHenry type isotherm.
The derived mechanistic information enabled us to further improve
the FE of methanol production to roughly 85%.

Methods

Materials

Potassium bicarbonate (KHCO;; 99%) and N,N-dimethylformamide
(DMF; 99.8%) were purchased from Alfa Aesar. Potassium phosphate
monobasic (KH,PO,; 99%), potassium phosphate dibasic (K,HPO,; 98%)

and potassium carbonate (K,CO;; 98%) were purchased from Acros
Organics. Potassium perchlorate (KCIO; 99%) and sodium perchlorate
(NaClO,; 97%) were purchased from Thermo Fisher Scientific. Potassium
hydroxide (KOH; 99.99% trace metals basis), sodium bicarbonate
(NaHCO;;99.7%), Chelex 100 sodium form and Nafion solution (5 wt.%)
were purchased from Sigma-Aldrich. Carbon monoxide (99.3%), argon
(99.999%) and nitrogen (99.999%) were purchased from Airgas. Multi-
walled CNTs were purchased from C-Nano (product number FT9100).
The carbon paper support (Freudenberg, catalogue no. H23C6) with
MPL coating was purchased from the Fuel Cell Store. The electrolyte
solutions were prepared using Milli-Q water (18.2 MQ cm™at 25 °C).

Preparation of electrolyte

The potassium cation concentrations of all electrolytes for the pH
dependence study were kept at 0.1 M. The electrolytes with the pH
values of 7.0, 8.8, 11.3 and 13.2 were prepared by dissolving 0.035 M
K,HPO, + 0.03 MKH,PO,, 0.1 MKHCO,, 0.05 MK,CO,and 0. MKOH in
water, respectively. The electrolyte pH was determined using an Oakton
pH meter (Eutech Instruments). The Chelex100 resin was used to purify
all electrolytes before electrochemical measurements.

Preparation of CoPc-NH,/CNT hybrid catalyst

The synthesis of CoPc-NH, and the purification of as-purchased CNTs
were carried out as detailed in our previous work?. To prepare the
CoPc-NH,/CNT hybrid catalyst, 30.0 mg of purified CNTs and 3 mg of
CoPc-NH,were each dispersed in 30 ml of DMF via sonication to obtain
awell-dispersed CNT suspension and a CoPc-NH, solution. Then, these
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membrane. d, FE and partial current densities for methanol versus electrode
potential measured under 10 atm CO in 0.1 M aqueous KHCO,. Data are presented
asmean values and error bars represent standard deviations (n = 3 replicates).

two dispersions were mixed, sonicated for 30 min and stirred for 20 h.
Next, the mixture was centrifuged and the precipitate was washed
using DMF and ethanol until the supernatant was transparent. Finally,
the precipitate was freeze-dried to obtain the final product. The actual
wight percentage of Co in the hybrid catalyst was determined to be
roughly 0.67 wt.% by inductively coupled plasma mass spectrometry
measurements, corresponding to roughly 10 wt.% of CoPc-NH,.

Preparation of CoPc-NH,/CNT electrode

Aninkwas first prepared by mixing 5 mg of CoPc-NH,/CNT, 15 pl of the
Nafion solution and 5 ml of ethanol followed by sonicating for 30 min.
Theink solution was then drop-cast onto the carbon paper supportto
reachacatalystloading of 0.4 mg cm™. Next, the as-prepared electrode
wasdried usinganinfrared lamp and cutintoindividual electrodes with
the dimensions of roughly 0.5 x 3.0 cm? (catalyst covering an area of
roughly 0.5 x1.0 cm?).

Electrocatalytic measurement

Ambient pressure electrolysis was performed in a custom-designed
H-type electrochemical cell. A piece of anion-conducting membrane
(Selemion DSV, AGC, Inc.) was used to separate the cathode and anode
chambers. A graphite rod (Sigma-Aldrich, 99.999%) was used as the
counter electrode and aAg/AgCl (4.0 MKCI, Pine Research Instrumen-
tation, Inc.) was used as the reference electrode. CO gas was delivered
into the cathode chamber at a flow rate 0f20.0 cm® min using amass
flow controller (Alicat Scientific, Inc.).

High-pressure electrolysis was performed in atwo-compartment
electrochemical cell (Gaoss Union, Inc., PO03-2). Each compartment
comprised an inner Teflon chamber and a titanium shell. A platinum
foil with the dimensions of 1.5 x 3.5 x 0.02 cm? (Gaoss Union, Inc.) was
used as the counter electrode and a Ag/AgCl (saturated KCI, Gaoss
Union, Inc.) was used as the reference electrode. Before electrolysis,
the headspace of each compartment was purged for 5 min by delivering
COgasataflow rate of approximately 50.0 cm® min™. Then, CO gaswas
delivered into both compartments simultaneously to reach 10 atm.

Chronopotentiometry experiments were conducted to evaluate
the CO electroreduction performance using a Bio-Logic VMP3 Multi-
channel Potentiostat. The resistance between the working electrode
andthereference electrode was determined by potentiostatic electro-
chemicalimpedance spectroscopy and then compensated automati-
cally during measurements. Potential versus the reference electrode
was converted to the RHE scale using E(versus RHE) = E(versus Ag/AgCl) +
0.199V+0.0591V x pH.

Product quantification

Gas-phase products were quantified using a gas chromatograph
(SRI8610C) equipped with a flame ionization detector and a thermal
conductivity detector. H, was quantified using thermal conductivity
detector, while CO was quantified using flame ionization detector.
High-purity Ar was used as the carrier gas. Gas-phase products
wereaccumulatedina Tedlar gas sampling bag (SKCInc.) and sampled
using a gastight syringe (Hamilton) for gas chromatography analysis.
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Liquid products were quantified by a Bruker AVIII 400 MHz nuclear
magneticresonance (NMR) spectrometer with water suppression. NMR
samples were prepared by mixing 450 pl of the electrolyte with 50 pl
of 10 mM dimethyl sulfoxide (Alfa Aesar, more than or equal to 99.9%)
in D,0 (Sigma-Aldrich, 99.9%) as the internal standard. Deuterated
methanol (CD,0D) concentrations were determined through head-
space analysis using a Shimadzu 8050 NX Triple Quadrupole gas chro-
matograph-mass spectrometry system equipped with aPhenomenex
ZebronZB-WAX column. Calibration curves were obtained using fresh
CH;OHaqueous solutions with different concentrations (0.1,0.5,1.0,1.5
and 2.0 mM) (Supplementary Fig. 9). Quantification of CD,0D and
CH,OH was performed using characteristic ions of m/z 34 and 31,
respectively.

Reactivity plot

The presented data with error bars were averages of at least three
independent electrolysis experiments. Electrolyte pH was measured
before and after each experiment and the measured values are shown
in Supplementary Tables 1and 2. The potential of the Ag/AgCl refer-
enceelectrode was measured before and after a30 min electrolysis at
-0.72 Vversus RHE (the most negative potential investigated) in 0.1 M
KOH and no obvious shiftin potential was found. Inthe p., dependence
studies, N, and CO were delivered simultaneously at controlled flow
rates using mass flow controllers to achieve the desired CO partial pres-
sures. The electrolyte was refreshed after each test and was sampled for
NMR analysis. A single CoPc-NH,/CNT electrode was used throughout
asequence of measurements at different CO partial pressures to elimi-
nate variations between different electrodes.

Data availability

Source data are provided with this paper. All experimental data sup-
porting the findings of this study are available in Supplementary
Information.
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