nature catalysis

Article

https://doi.org/10.1038/s41929-024-01190-9

The solvation environment of molecularly
dispersed cobalt phthalocyanine determines
methanol selectivity during electrocatalytic

CO,reduction

Received: 29 August 2023

Accepted: 10 June 2024

Published online: 08 July 2024

Quansong Zhu®'®, Conor L. Rooney ®%®, Hadar Shema®®, Christina Zeng ®*%,
Julien A. Panetier®*
L. Robert Baker®'

, Elad Gross® 3/, Hailiang Wang®?/ &

% Check for updates

Heterogenized molecular electrocatalysts are a promising group of materials

that can electrocatalytically convert waste molecules into higher-value
products. However, how the dispersion state of molecules affects the
catalytic processis not well understood. Using cobalt phthalocyanine (CoPc)
dispersed on carbon nanotubes (CNTs) as a model system, here we show
thatincreasing the direct interaction of the molecular catalyst with cations
notably enhances the CO, reduction reaction. Specifically, molecularly
dispersed CoPc on CNTsyields an eightfold increase in methanol selectivity
compared with aggregated CoPc on CNTs. In situ spectroscopic studies
confirm the presence of two intermediates located at different positions of
the double layer. Density functional theory calculations further reveal that
CoPcmoleculesinside the Stern layer are active for methanol production due
to the directinteraction with cations. Similar enhancement effects are also
observed for other reactions, showing that dispersing molecular catalysts
into monomeric states is ageneral design parameter.

Electrochemical conversion of Earth-abundant molecules (for example,
H,0, CO,and NO; ) is a promising strategy for creating sustainable
chemicals and fuels. However, many desirable transformations suffer
fromslowkinetics and poor selectivity, whichdemand the development
of electrocatalysts to activate the reactants and steer the reaction
pathway. Molecular catalysts are desirable due to their well-defined
active sites, which can be tuned using structure-activity relationships.
Unfortunately, molecular catalysts are typically insulating in the solid
state, leading to slow electron transfer from the current collector to
the active site when heterogenized on the electrode surface'?. To cir-
cumvent this issue, molecular dispersion onto conductive supports

enables strong electronic coupling to the catalyst. Molecularly dis-
persed electrocatalysts comprising metal phthalocyanines or porphy-
rins supported on graphitic carbon substrates have demonstrated
impressive catalytic activity for various small-molecule transforma-
tions, including CO, electroreduction’®™, O, electroreduction®’ and
NO; ™ electroreduction®’.

Cobalt phthalocyanine (CoPc) adsorbed on carbon electrodes was
initially shown toreduce CO,to COby Lieber and Lewisin1984'°. They
discovered aturnover frequency for CO production from heterogene-
ous CoPcthat was three orders of magnitude larger compared with that
of the homogeneous system. In 2017, Liang, Wang and co-workers"
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reported CoPcmolecules highly dispersed on carbon nanotubes (CNTs)
showing >95% Faradaic efficiency for CO,reductionto COand acurrent
density >50 times higher than that of CoPc directly deposited on carbon
electrodes. The follow-up work employing gas diffusion electrodes
and/or flow cells further increased the CO production current density'.
Recently, Liang and co-workers’ discovered that a similar molecular
complex, NiPc, can achieve ~-98% selectivity to CO at ~-120 mA cm™
onceitis dispersed on CNTs—anotableimprovementinselectivity and
reactivity compared with~16% for NiPc aggregates at ~5 mA cm 2 How-
ever, thereason for the enhancementinduced by dispersionis not fully
understood. Werecently discovered that the CoPc/CNT hybrid unlocks
an additional reaction pathway that is not accessed by aggregated or
homogeneous forms of CoPc, activating it for the six-electron reduc-
tion of CO, to methanol (MeOH)®. The origin of this unique reactivity
warrants further study. The CNT support enables molecular-level
dispersion of the molecules, therefore yielding various active sitesand
a high fraction of electroactive molecules. In addition, the electronic
interaction between the graphitic carbon and the molecular complex
could also play arole®**', Previous mechanistic studies investigating
electrocatalytic CO, reduction by CoPc using in situ spectroscopy
have focused on CO production’ ., Studies of the MeOH produc-
tion mechanism have mostly remained at the theoretical calculation
stage”?°. Most recently, Ren et al.” utilized Fourier-transforminfrared
spectroscopy and Raman spectroscopy to investigate CO reduction to
MeOH by CoPc complexes anchored to multi-walled carbon nanotubes.
However, they focused on understanding why CO can be reduced to
MeOH but CO, cannot. The mechanistic insight into understanding
CoPc with different dispersion states, which could have a broader
impact on other molecular catalysts and reactions, is still lacking and
requires more effort.

In this work, we use kinetic and spectroscopic methods to iden-
tify different active sites present in CoPc-based electrocatalysts that
existin distinct solvation environments. This work sheds light on the
mechanism for MeOH production from molecularly dispersed CoPc
on CNTs and the reason why aggregated CoPc is not active for the
reaction. More specifically, with the help of atomic force microscopy
(AFM)-based infrared spectroscopy (AFM-IR)**?’ and surface-selective
sum frequency generation (SFG) spectroscopy, we directly identify the
presence of CoPc monomers and aggregates, as well as the correspond-
ingadsorbed CO intermediates with and without cation stabilization.
We discover that the position of CoPc relative to the electrochemical
doublelayer determines the local solvation structure of the adsorbed
reaction intermediates, which affects the stabilization induced by
cation coordination, leading to different products. This experimental
verification highlights the importance of strategic immobilization of
molecular catalysts. The well-dispersed molecular catalyst not only
exhibits a higher catalytic turnover rate, but also better selectivity to
morereduced products.

Results

Catalytic performance of CoPc catalysts

Three types of CoPc-based electrocatalysts were evaluated: CoPc
aggregates (CoPcdirectly drop-cast onto the carbon paper substrate);
a CoPc/CNT hybrid (CoPc molecularly dispersed on CNTs); and a
CoPc/CNT mixture (CoPcand CNTs prepared under a solvent environ-
ment in which the molecules remain in clusters). For electrochemi-
cal measurements, the catalyst loading was controlled such that the
number of CoPc molecules on the working electrode was the same
across the three materials. Thisis expected to result in higher activity
by the CoPc/CNT hybrid catalyst due to better dispersion, increased
accessibility of reactants to the molecular active site and higher con-
ductivity; however, dispersion also has aremarkable effect on selectiv-
ity via the formation of unique reaction intermediates, as described
below. This can be seen in potential-dependent electrochemical CO,
reduction in aqueous CO,-saturated 0.1 M KHCO;, for which notable

differences in reactivity are observed between the three materials.
CoPcaggregates and the CoPc/CNT mixture show asimilar selectivity
trend with respect to CO production and H, evolution (all potentialsin
thefollowing contexts arereferredrelative to the reversible hydrogen
electrode (RHE) scale) and then the selectivity decreases at more nega-
tive potentials due to the competitive hydrogen evolution reaction
(Fig.1a,c). The CoPc/CNT mixture gives a higher current density rela-
tive to CoPc aggregates, which might be attributed to the conductive
CNT matrix facilitating the transfer of electrons to CoPc clusters. In
addition, the CoPc/CNT mixture produces small amounts of MeOH
(<5% Faradaic efficiency). In contrast with the CoPc aggregates and
CoPc/CNT mixture, the CoPc/CNT hybrid possesses unique catalytic
activity for electrochemical CO, reduction, specifically as the potential
is scanned from -0.80 to -0.95 V, where we observe increasing selec-
tivity for MeOH to an optimal Faradaic efficiency of 42% and a partial
current density of 12 mA cm™ (Fig. 1b), consistent with our previously
reported results®”. Despite the hybrid and mixture catalysts having
identical compositions (multi-walled CNTs with 3 wt% CoPc), the rate of
MeOH production by the CoPc/CNT hybrid is over 30 times greater than
that observed with the CoPc/CNT mixture catalyst. Thisresultindicates
that the molecular environment around the CoPc/CNT hybrid active
site may be critical towards activating the catalyst for the electroreduc-
tion of CO to MeOH. We also performed another control experiment
using a low-loading CoPc/CNT hybrid to ensure the same number of
electroactive sites as for the CoPc/CNT mixture, which also showed
amuch higher MeOH selectivity (Supplementary Figs. 2 and 3), indi-
cating that the notable difference in catalytic reactivity is not caused
by the number of electroactive sites. Regarding the stability of the
CoPc/CNT hybrid catalyst, the methanol selectivity starts to decay
within the first 3 h of operation (Supplementary Fig. 4a). However,
since it shows good stability for the timescale of SFG measurements
(a few minutes), this deactivation does not affect the mechanistic
analysis. Based on the design parameters, we prepared another ana-
logue of this catalyst—the CoPc-NH,/CNT hybrid—which shows bet-
ter long-term methanol selectivity for 45 h without noticeable decay
(Supplementary Fig. 4b). As discussed in more detail later, thorough
kinetics, SFG, microscopic and density functional theory (DFT) stud-
ies were performed to prove that the CoPc-NH,/CNT hybrid behaves
very similarly to the CoPc/CNT hybrid, having similar dispersion and
operating under the same reaction mechanism, indicating that they
arealmostidentical on the several-hour time frame for which all in situ
characterizations were performed. Although understanding the dif-
ference in stability and further improving CoPc catalyst stability is an
important consideration, it is beyond the scope of this current study,
whichfocuses on demonstrating how the dispersion state dictates the
catalytic activity of heterogeneous molecular catalysts by control-
ling the catalyst’s local solvation environment. The three CoPc-based
electrocatalysts were also evaluated for the electrochemical nitrate
reduction reaction (NO;RR) and oxygen reduction reaction (ORR) to
determine whether the observed reactivity trend for the CO, reduction
reaction (CO,RR) holds true for other small-molecule reductions. Our
results show that this effect extends to additional reactions, with the
CoPc/CNT hybrid being far more active for the NO;RR compared with
the other two CoPc-based catalysts, both in terms of rate and Faradaic
efficiency for NH; production (Fig. 1d,e). The CoPc/CNT hybrid also
outperformsthe othersin catalysing the ORR (Fig. 1f). The proficiency
ofthe CoPc/CNT hybrid catalystinaccomplishing multi-electronreduc-
tions with higher rate and selectivity compared with other CoPc-based
electrocatalysts is most notable in the context of the CO,RR, but also
generalizable to other electrochemical reactions; however, the origin
of this enhanced activity remains unclear.

Characterization of molecular dispersion
For heterogeneous molecular catalytic systems, it is essential to under-
stand how the molecular catalysts are dispersed on the supports.
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Fig.1|Electrocatalytic performance of differently dispersed CoPc
electrodes. a-c, Potential-dependent CO, reduction performance of CoPc
aggregates (a), the CoPc/CNT hybrid (b) and the CoPc/CNT mixture (c) in
CO,-saturated 0.1 M KHCO; electrolyte. Controlled potential electrolysis with
isotope-labelled *CO, confirmed that the produced methanol came from
electrochemical CO, reduction (Supplementary Fig.1).d,e, NO; reduction

activity measured by linear sweep voltammetry at 10 mV s (d) and ammonia
production from electrolysis at —0.8 V versus the RHE in Ar-saturated phosphate-
buffered (pH 7.2) 0.1 MKNO; electrolyte (e). f, Oxygen reduction activity
measured by linear sweep voltammetry at 10 mV s™in O,-saturated 0.1M

KOH electrolyte. The resultsin a-c and e were obtained from three parallel
experiments and the data are presented as means + s.d.

Nanoscale chemical analysis of CoPc distribution on CNTs was per-
formed using AFM-IR measurements. Amine-functionalized CoPc
(CoPc-NH,) was utilized for these AFM-IR measurements due to the
noticeable N-H signal. CoPc-NH,/CNT catalysts were prepared inthe
same way as CoPc/CNT catalysts except for the presence of the addi-
tional amine group, and this hybrid system showed similar catalytic
reactivity towards CO,electroreduction to that of the CoPc/CNT hybrid
without the amine group (Supplementary Fig. 5). As discussed in more
detail below, the SFG spectra, calculated reaction profile and adsorbed
CO frequencies were very close for CoPc-NH, and CoPc, indicating
that the amine group does not change the reaction mechanism. Thus,
CoPc-NH, could serve as aspectroscopically marked equivalent mol-
ecule for AFM-IR study. Scanning electron microscopy and transmis-
sion electron microscopy measurements were also performed and
confirmed that the surface density and dispersion of CoPc were not
modified following the addition of an amine functional group (Sup-
plementary Figs. 9-11). Aggregates of CoPc clusters could clearly be
seen for the mixture catalyst, whereas no obvious aggregates were
observed for the hybrid catalyst. These microscopic measurements
further prove the homogeneous distribution of CoPc in the hybrid
catalyst and the heterogeneous pattern of the mixture catalyst.
Before AFM-IR measurement, attenuated total reflectance-based
infrared spectroscopy measurements were first performed to obtainthe
reporter’s vibrational frequency. The N-H bending mode was probed
for CoPc-NH, aggregates at 1,606 cm™, whereas the same mode was
probed at1,632 cm™for the CoPc-NH,/CNT hybrid and CoPc-NH,/CNT
mixture (Supplementary Fig.12). The changesin the vibrational spec-
trum, induced by CoPc-NH, deposition on CNT, are attributed to m-m
interactions betweenthe CNTs and the aromatic rings of the Pcligand.
These interactions induce stronger hydrogen bonds of the amine
group®, resultinginablue shiftin the N-Hbending mode®. For AFM-IR
measurements, CoPc-NH, aggregates, the CoPc-NH,/CNT hybrid and

the CoPc-NH,/CNT mixture were deposited on Au films. The height
of CoPc-NH, aggregates was up to 700 nm (Fig. 2a), which was much
greater than that of the other two catalysts. The CoPc-NH,/CNT hybrid
was characterized with a varied height of 5-15 nm with respect to the
substrate (Fig. 2b), which is higher than that of bare CNTs that are
characterized with an average height of 7 + 3 nm (Supplementary
Fig.13) and indicates that the CNTs were coated with CoPc. A more
heterogeneous height pattern was detected for the CoPc-NH,/CNT
mixture, which was characterized with an average height of 10 + 2 nm
along the CNT and an average height of 15 + 2 nm near the tips (Fig. 2c).
This height pattern wasindicative for the CoPc-NH,/CNT mixture and
was not detected for the CoPc-NH,/CNT hybrid, revealing the more
aggregated nature of CoPcin the mixture catalyst. Topography analysis
wasalso conducted for CoPc/CNT catalysts, further emphasizing varied
topography for both catalysts. Yet,amore heterogeneous height pat-
ternwas observed for the CoPc/CNT mixture (Supplementary Fig.14).

Infrared mapping at wavenumbers according to peaks observed
in the attenuated total reflectance spectra are depicted in Fig. 2d-f.
The signal threshold was determined according to the bare CNT
signal acquired with the same AFM tip under identical conditions
(Supplementary Fig. 13). Infrared mapping of the CoPc-NH,/CNT
hybrid showed a continuous signal across the CNT. A correlation was
detected between the topography and infrared maps and enhanced
signal was detected on higher areas across the CNT compared with
moderate signal on lower areas (Fig. 2e). Infrared mapping of the
CoPc-NH,/CNT mixture showed a different pattern than the one
detected for the CoPc-NH,/CNT hybrid, where the physical mixture
displayed aheterogeneous infrared signal thatincluded disconnected
islands with strong infrared signal, whereas most of the CNT areawas
characterized by low or no infrared signal (Fig. 2f). Additional exam-
ples demonstrating the same patterns are provided in Supplementary
Fig.15. The infrared maps clearly demonstrate a more homogeneous
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Fig.2| AFM-IR measurement of differently dispersed CoPcelectrodes.
a-c, AFM topography scans of CoPc-NH, aggregates (a), the CoPc-NH,/CNT
hybrid (b) and the CoPc-NH,/CNT mixture (c). d-f, Corresponding

infrared signal maps at 1,600 cm™ (CoPc-NH, aggregates; d) and 1,632 cm™
(CoPc-NH,/CNT hybrid (e) and CoPc-NH,/CNT mixture (). For the
CoPc-NH,/CNT scans, the signal threshold was equivalent to that of the clean

Wavenumber (cm™)

Wavenumber (cm™)

CNT signal intensity acquired by the same AFM probe. g-i, Local infrared
spectra of CoPc-NH, aggregates (g), the CoPc-NH,/CNT hybrid (h) and the
CoPc-NH,/CNT mixture (i) at the locations marked by the coloured dotsina-c.
Thelocation dot colours match those of the spectra they relate to. The break at
1,640-1,665 cm™is due to laser exchange in that range.

coverage of CoPc-NH, on the hybrid structure than the mixture
structure. Moreover, the homogeneity of the infrared signal on the
CoPc-NH,/CNT hybrid at lower domains indicates the presence of
thin CoPc-NH, layers (probably monomers), which do not exist on
the CoPc-NH,/CNT mixture. However, itis clear thatinadditionto the
homogeneouslayer of molecularly dispersed CoPc-NH, molecules pre-
senton the hybrid catalyst, some aggregated clusters also exist, albeit
atalower concentration compared with the CoPc-NH,/CNT mixture.

More substantial differences in the distribution of CoPc are
reflected in the local infrared spectra. Figure 2g shows the localized
infrared spectrumacquired from one of the CoPc-NH, microparticles
(the measurement position is marked by a black circle in Fig. 2a). The
infrared spectrum shows two main peaks at 1,500 and 1,606 cm™, cor-
related toaromatic C-Cstretch and N-Hbending, respectively. Infrared
spectra were acquired for the CoPc-NH,/CNT hybrid and three main
peaksat1,632,1,620 and 1,520 cm*were detected (Fig. 2h). Detection
ofthe1,632 cm™ peak occurred on various sites of other hybrid entities
aswell (Supplementary Fig.16), indicative of the homogeneous cover-
age detected in Fig. 2e. The infrared spectrum acquired on a high site
of the CoPc-NH,/CNT mixture showed a similar signal-to-noise level
(black spectrumin Fig.2i). However, the site with barely visible signal at
Fig.2fand lower heightin Fig. 2c displayed a poor signal-to-noise ratio
(red spectrumin Fig. 2i), demonstrating the heterogeneous coverage
in the mixture sample. Overall, these results confirm the presence of

molecular aggregates in all three catalysts, whereas molecularly dis-
persed CoPcmoleculesexistatahigh density onlyinthe CoPc-NH,/CNT
hybrid system.

Different intermediates leading to CO and MeOH

To further investigate the mechanism of enhanced MeOH production
from CoPc/CNT hybrid catalysts, plasmon-enhanced SFG vibrational
spectroscopy was employed to observe the potential-dependent
binding of reactionintermediates during in situ electrocatalysis. Asa
second-order nonlinear technique, SFG spectroscopy isinterface selec-
tive, enabling direct detection of reactionintermediates at the catalyst/
electrolyte interface®>*. By utilizing plasmonic signal enhancement
fromagold orsilver substrate, we showed previously that the detection
limit of this technique is below 1% of a surface monolayer*, which is
sufficient to detect CO,RRintermediates on CoPc/CNT catalysts with
~3% mass loading. In this work, a plasmonicsilver electrode was used as
asubstrate for the CoPc catalysts. Anultrathin (Al,05; 2.5 nm) film was
deposited on thesilver substrate by atomic layer deposition before cat-
alyst deposition. This ultrathin passivation layer prevents CO adsorp-
tion onsilver while still allowing moderate current densities through
the CoPc catalysts (Supplementary Figs. 17 and 18). Both the 800 nm
and mid-infrared beams were plasmonically coupled to the electrode/
electrolyte interface throughthessilver layer, as described previously**.
This geometry enables in situ detection of reaction intermediates
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Fig.3|SFG measurement of differently dispersed CoPc electrodes. a,c,e, Potential-dependent SFG spectra of CoPc aggregates (a), the CoPc/CNT hybrid (c) and
the CoPc/CNT mixture (e) obtained under in situ conditions. b,d,e, Fitted peak position and Stark tuning behaviour for the corresponding CoPc electrodes: CoPc

aggregates (b), the CoPc/CNT hybrid (d) and the CoPc/CNT mixture (f).

during potential-dependent CO,RR while avoiding mass transport
limitations imposed by coupling the beams through an ultrathin
electrolyte layer, as is typical for other spectro-electrochemical SFG
measurements. As shown in Fig. 3a, a strong peak at ~1,920 cm™ was
observed for the CoPc aggregates at the relevant potential range
of CO production. The frequency matched previous reports of CO
adsorbing to Co*?°, and the *C isotopic labelling experiment also
showed the expected frequency shift (Supplementary Fig.19). Thus,
we assigned this feature to in situ-generated CO adsorbing to the Co
centre of CoPc. Asimilar feature was also observed for the CoPc/CNT
mixture (Fig. 3e), but with weaker intensity, as a result of fewer CoPc
molecules being embedded in the CNT mixture. However, for the
CoPc/CNT hybrid, aunique feature was observed at-2,020 cm ™ in addi-
tionto the common CO feature at1,920 cm™ (Fig. 3¢). This additional
feature appeared within a potential window beginning at -0.90 V,
which closely matches the potential range at which the MeOH yield
becomes notable (see Fig. 1b). The same experiment was also con-
ducted for the amine-functionalized CoPc-NH, catalysts and similar
spectroscopic patterns were observed (Supplementary Fig. 20). A
common CO feature was present for all three catalysts, whereas a sec-
ond unique feature was only observed for the CoPc-NH,/CNT hybrid.
Since the appearance of this feature was closely correlated with MeOH
production, we hypothesize that it may represent an active surface
intermediate required for MeOH formation. To verify the identity of
this peak, we conducted a C isotopic labelling experiment and, as
expected, this feature shifted to 1,970 cm™ (Supplementary Fig. 19),
indicating thatit was also CO. We also performed DFT calculations to

prove that the observed features could not be other reactioninterme-
diates during CO, reduction (for example, *CHO or *CH,0), since their
calculated frequencies are below 1,800 cm™ (Supplementary Table 1).
Thus, we propose that for the CoPc/CNT hybrid there are two types of
CO intermediate adsorbing at two different types of site. One inter-
mediate is selective to CO and is consistently present in aggregated
CoPc molecules, whereas the other is selective to MeOH and is only
present on the dispersed CoPc molecules of the CoPc/CNT hybrid
catalyst. We note that we performed careful control experiments show-
ing that there was no interference in these measurements from CO
adsorptionto either the Agsubstrate or the CNT electrode. As shown
in Supplementary Fig. 17, SFG measurement for the Al,O,-passivated
Agelectrode, with and without CNT loading and under both CO, and
CO purging conditions, showed no sign of CO adsorption. Addition-
ally, the kinetics measurement for the CoPc/CNT hybrid loaded onan
Al,O,/Ag electrode showed similar MeOH production (Supplementary
Fig.18) to those loaded on carbon paper (Fig. 1), indicating that the
Al,O,-passivated Ag substrate used for in situ SFG only serves as an
electron conductor and does not influence the catalysis.

Two active sites based on unique solvation environments

To further understand the difference between two types of CO inter-
mediate, we conducted a careful investigation into their respective
Stark tuning behaviour. Figure 3b,d,f shows the frequency shift of
these two species as a function of the applied potential. The com-
mon CO intermediate with lower total frequency also shows asmaller
Stark tuning slope of only ~-60 cm™ V™, whereas the CO intermediate
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correlated with MeOH production has a higher absolute frequency, as
wellasamuch larger Stark tuning slope of 230 cm™ V™. This represents
anearly fourfoldincrease in the Stark tuning slope compared with the
common intermediate associated with CO production. Similar results
were also observed for the amine-functionalized CoPc-NH, catalysts
(Supplementary Fig. 20). This substantial increase in the Stark tuning
slope indicates that the CO intermediate responsible for MeOH is
located in a stronger electric field environment and that the electric
field at this site is more sensitive to applied potential compared with
the other CO intermediate responsible for CO formation. One possi-
ble explanation for thisis that the vibration displaying a higher Stark
tuning slope represents CO adsorbed to CoPc monomers located
inside the electrochemical Stern layer, whereas the CO vibration dis-
playing a lower Stark tuning slope represents CO adsorbed to CoPc
aggregates that extend beyond the Stern layer into the diffuse region
of the electrical double layer (EDL). The electric field in the diffuse
region of the EDLis much weaker than the Stern layer. Based on AFM-IR
measurements, CoPc aggregates range in size from several nanome-
tres in the CoPc/CNT mixture to even larger in the CoPc aggregates.
Inboth cases, this would place the exposed CoPc site far outside the
Stern layer, which is <1 nm. This explanation is also consistent with
the previous observation by Lian’s group®, which showed that anitrile
group also experiences very different frequency shifts based on its
location within the EDL, as determined by the distance of the Stark
reporter fromthe electrode surface. Here we note that bulk CoPc solid
exhibits low conductivity, as demonstrated in previous studies***°.
Thus, itis unlikely that aggregated CoPcin CoPc aggregates and CoPc/
CNT mixture would maintain sufficient surface charge to establish a
Sternlayer. CoPc must be molecularly dispersed to be located within
the Stern layer generated by CNT, whereas aggregated CoPc extends
into the diffuse layer.

From the Stark tuning slope, it is possible to determine the
absolute Stern layer thickness by assuming a given potential drop
between the electrode surface and an adsorbed electrolyte cation
based on Gouy-Chapman-Stern theory (see Supplementary Notes
for calculation details). Here the Stern layer thickness is defined as
the distance from the electrode surface to the outer Helmholtz plane.
This calculation shows that the Stern layer thickness is 0.11 nm. This
closely matches the measured height (0.15 nm) of CO,adsorbingtoa
flat-lying CoPc monomer by insitu electrochemical scanning tunnel-
ling microscopy®, suggesting that at the site of MeOH formation, an
adsorbed cation coordinates directly to the adsorbed intermediate
bound to the CoPc catalyst within the Stern layer. As discussed above,
the AFM-IR measurement shows that CoPc moleculesin the CoPc/CNT
hybrid catalyst are uniformly distributed as a thin monolayer directly
on the CNT surface, suggesting that CO adsorbed on these Co sites
would be located within the Stern layer where it can directly coordi-
nate to electrolyte cations. In contrast, heterogeneously distributed
CoPc aggregates in the CoPc/CNT mixture lead to CoPc active sites
extending far into the diffuse layer where the electric field changes
slowly as a function of the applied potential, giving rise to a much
smaller Stark tuning slope. Together these observations support the
hypothesis that the unique CO intermediate detected only on the
CoPc/CNT hybrid catalyst resides within the Stern layer, consistent
withadsorption on molecularly dispersed CoPc catalystsonthe CNT
electrode, and this COisbelieved to bein direct coordination with an
electrolyte cation. In contrast, the CO intermediate responsible for
COformationis adsorbed on CoPc aggregates far from the CNT, hav-
ing no direct coordination to electrolyte cations. Below we provide
experimental and theoretical evidence showing that the different
solvation environments not only explain the observed frequency
shift, but these solvation effects are also responsible for controlling
the reaction selectivity between CO and MeOH.

Stabilizing the CO intermediate by cation coordination

We now consider the reason why a CO intermediate bound to a CoPc
catalystinside the Sternlayer would be more selective for MeOH for-
mation compared witha CO intermediate bound to CoPcinthe diffuse
layer. To begin, we show that the frequency shift between these two
COintermediatesreflects the unique solvation environments, where
COinthediffuselayeris frequency shifted due to hydrogen (H) bond-
ing with the electrolyte, whereas CO residing inside the Stern layer is
shielded from H bonding by direct coordination with the cation*’. To
explain, the blue shift of active CO relative to the inactive CO can be
attributed to the H-bonding effect as aresult of aunique local solvation
environment within the Stern layer. Franzen* discovered that the fre-
quency of CO adsorbing toamyoglobin molecule (Fe-N,), whichis very
similar to Co-N, in CoPc, shifts from 2,020 cm™in a non-H-bonding
environmentsuchas CH,t02,000 cm™inaweak H-bonding environ-
ment such as NH; and to 1,970 cm™ in a strong H-bonding environ-
ment*. This frequency shifts for non-H-bonded and H-bonded CO
closely match those observed here for the CO intermediate located
inside and outside the Stern layer, respectively. To further evaluate this
explanation, we also performed DFT calculations for the C-O bond
vibrational stretching mode of the monoanionic CoPc-CO, (I1) v,
in the presence of varying numbers of explicit water molecules. As
showninSupplementary Tables 2-4, DFT calculations based on several
DFT functionals all showed that increasing the number of surround-
ing water molecules increases red shifts of CO frequency (v). The
unscaled v, of CoPc-CO (total spin angular momentum (S), (5*) = 0)
givenby the hybrid version of the Tao, Perdew, Staroverov and Scuseria
functional without coordinating water molecules was1,967 cm™, and
this value decreased to 1,873 cm™ with two water molecules nearby,
corresponding well with the experimentally observed Av.,due to the
presence of water. Combining evidence from in situ SFG spectros-
copy and DFT calculations, here we provide a schematic to explain
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Fig. 5| DFT calculations of the cation coordination effect. Computed Gibbs-
free energy reaction profile of CoPc-catalysed CO protonation viaa water dimer
(inblue) inthe presence of aK" cation (inred) yielding a *CHO intermediate. All
ofthe Gibbs-free energies are with respect to the separated reactants and have
adoublet ground state. Note that CoPc-CO, (I1)*, features a cobalt(11) centre,
which has alower Gibbs-free energy than the cobalt(1) species by 3.3 kcal mol ™

(Supplementary Table 6). The optimized geometry of the transition state (TS1)*
inthe presence of awater dimer is shown in the blue box and the optimized
geometry of the transition state in the presence of both awater dimer and K,
(TS2),isshowninthe red box. Distances are given in angstroms and non-
participating hydrogen atoms have been excluded for clarity. The Mulliken spin
populationis given for cobalt.

theinterfacial structure associated with the CoPc/CNT hybrid catalyst
and CoPc/CNT mixture catalyst (Fig. 4). For aggregated CoPc catalysts
in the CoPc/CNT mixture (Fig. 4a), CoPc molecules aggregate viam
stacking interactions and only the exposed CoPc molecule at the top
is catalytically active**. The height of this CoPc aggregate is on the
order of a few nanometres, as seen by AFM-IR, extending well into
the diffuse layer. Consequently, if CO, were reduced to CO at these
sites, COwould be Hbonded with surrounding water molecules as the
concentration of ions would be similar to that of the bulk electrolyte.
However, for the CoPc/CNT hybrid catalyst (Fig. 4b), although there
could be CoPc aggregates, there are also many molecularly dispersed
CoPcmoleculessupported onthe CNT surface. These CoPc active sites
are located within the Stern layer. It has been recognized in previous
studies that K" cations can fully or partially dehydrate in the Stern
layer**~*¢, as driven by the strong electric field and its small hydration
energy. Coordination of the adsorbed CO intermediate with partially
desolvated K" cations will shield the CO from H bonding to water. This
non-H-bonded CO has a higher vibrational frequency and also shows
alarger Stark shift compared with the intermediate present on the
aggregate catalyst in the diffuse layer. As will be discussed in more
detailbelow, the molecular solvation environment and interaction with
cations notably influence the catalytic selectivity to MeOH through
intermediate stabilization.

Theeffect of electrolyte cations onthe CoPc-catalysed CO,RR was
further evaluated by DFT calculations (Fig. 5). Starting from a doubly
reduced CoPc catalyst, (red2)*, introduction of CO allows for the
formation of CoPc-CO (I1)*. Note that (I1)*” has one unpaired elec-
tron on cobalt, suggesting a cobalt(11) species, whereas the cobalt(r)
compound is 3.3 kcal mol™higher inenergy (Supplementary Table 6).
To evaluate whether adsorption is influenced by the molecular sol-
vation environment, we looked at the CO adduct in the presence
of a two-water-molecule cluster, (I12)*. In this case, adsorption was
4.6 kcal mol™ more endergonic than for (I1)>” and led to a cobalt(1)

compound. It matched the recent spectroscopic characterizations,
whichidentified the active site of CoPc/CNT to be the doubly reduced
molecule (thatis, ametal-based first reduction involving Co(11) > Co(1)
occurring at ~0.1V versus the RHE and a second ligand-based reduc-
tion forming the active CO, reduction catalyst Co(1)Pc")***’. Note
that electronic structure calculations using our previously published
five-water cluster yielded qualitatively similar results and are shownin
Supplementary Fig. 23 (ref. 48). Interestingly, the addition of aK" cation
to simulate the molecular solvation environmentinside the Stern layer
lowered the endergonicity of CO adsorption to 0.3 kcal mol™. More
specifically, the cation provided substantial stabilization to the water
cluster and adsorbed COin (14)7, lowering the energy of the intermedi-
ate by 4.3 kcal molrelative to that of (12)*". The rate-determining step
for further reduction of CO was the subsequent protonation, which
required an activation barrier of 10.6 kcal mol™ with respect to the
infinitely separated reactants in the absence of K" (TS1)*". In contrast,
the activation barrier was lowered to 4.0 kcal mol™in the presence of
K" (TS2)". After CO protonation, K* also acts as a counterion for the
generated hydroxyl anionin (I5)7, leading to stabilization of the *CHO
intermediate by 6.7 kcal mol™ relative to the same *CHO intermedi-
ate in the absence of K* (I13)*. The resulting formyl species has been
proposed to be a key intermediate towards MeOH formation®*°. We
note here that it has been well established in the literature that the
first hydrogenationstep (thatis, *CO to *CHO) is the rate-determining
step during CO, reduction to MeOH>?*°, The later steps after *CHO
formation are not critical for understanding the mechanism of MeOH
formation. Thus, in this work, we focused our calculations and discus-
sion on the early steps until *CHO and we expect that future theoreti-
cal work will provide more insights into the later steps. Summarizing
the results of these DFT calculations, cation-mediated stabilization
of *CO and *CHO intermediates plays a key role in MeOH synthesis. In
the Sternlayer, water molecules are shielded by cations. These electro-
lyte cations stabilize CO adsorptionto doubly reduced CoPc and lower
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Fig. 6 | SFG spectra, kinetics results and interfacial structures from the
cation-dependent study. a, In situ SFG spectra for the CoPc/CNT hybridin
electrolytes containing K*, Li* and crown ether-complexed K*[C,H,0] .

b,c, Faradaic efficiency (b) and partial current density (c) to H,, CO and CH,OH
obtained from electrocatalytic performance measurement in CO,-saturated
0.IMKHCO; (K*), 0.1 MLiHCO, (Li*) or 0.1 MKHCO; + 0.1M[C,H, O], electrolytes
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(K*[C,H,0]) at pH 6.8 and under an applied potential of -0.94 V versus the RHE.
Theresultsinb and c were obtained from three parallel experiments and the
dataare presented as means +s.d. Data points are included as black dotsin c.

d,e, Proposed interfacial structure for the CoPc/CNT hybrid in electrolytes
containingLi* (d) or K*[C,H, 0], (e).

the activation barrier for formation of the *CHO intermediate, which
serves as a precursor to MeOH production. In contrast, H bonding in
thediffuse layeris unable to stabilize *CO and *CHO intermediates, as
well as cations, leading to rapid desorption of CO from CoPc aggregates
with no possibility for MeOH formation. Unlike heterogeneous cata-
lysts, where active and inactive sites are both located within the Stern
layer, molecular catalysts can be tuned by positioning them at differ-
ent positions withrespect to the EDL. Specifically, only CoPc catalysts
thatare molecularly dispersed onto the CNT electrode inside the Stern
layer are capable of CO,RR to MeOH due to direct interaction with K'.
Althoughitis possible that they would generate CO as the final product
under certain conditions, they are more active than catalysts exhibiting
MeOH-inactive sites even when both producing CO. In contrast, CoPc
aggregates exhibit MeOH-inactive sites primarily in the diffuse region
of the EDL and are selective only for CO formation, thus they are not
capable of producing any MeOH.

To further validate the proposed mechanism for cation-mediated
MeOH synthesis, which results from the molecular solvation envi-
ronment at the electrode/electrolyte interface, we performed two
additional experiments. The results of both showed that MeOH pro-
duction is extremely sensitive to the interfacial solvation structure.
The first control experiment was to use Li* instead of K" as the elec-
trolyte cation. Li* (AHyygpai0n = =515 k) mol™) has a stronger hydration
shell compared with K* (AHyygrarion = ~322 k) mol™)*', so Li* will tend not
to desolvate upon adsorption to the electrode surface to create the
Stern layer. Consequently, we expect alower MeOH yield for the CoPc/
CNT hybrid in Li* electrolyte since even the CO intermediate within
the Stern layer can now be H bonded with the hydration shell of Li*,
lacking stabilization fromdirect coordination of *CO to the cation. As
showninFig. 6a, the SFG spectra of COin LiHCO,showed the common

CO intermediate with a frequency ~1,920 cm™ and a weak shoulder
~2,000 cm™. The presence of the shoulder feature indicates that some
*CO intermediates are partially shielded from H bonding by Li*, but
these intermediates for MeOH formation are notably reduced in Li*
compared with K" electrolyte. The calculated Stern layer thickness
fromthe Stark tuning of this high-frequency shoulder peakis 0.15 nm
(Supplementary Notes), which is also slightly larger than with K*.
The fact that this feature is weaker and red shifted compared with
the case of K" suggests that Li" is partially hydrated at the electrode
surface, allowing for H bonding in the Stern layer. Thus, fewer CO
molecules can be stabilized by coordinating with Li* compared with K",
asshown by the schematicinFig. 6d. Comparing the kinetics of MeOH
formationinLi*and K" electrolytes, the Faradaic efficiency for MeOH
inLi* electrolyte decreases by 33% and the total yield decreases by 43%
compared with the K" electrolyte, as shown in Fig. 6b,c. Both the SFG
spectra and kinetic results match predictions (that is, increasing the
extent of H bonding and decreasing the cation stabilization of *CO
and *CHO hinders MeOH production).

In the second control experiment, we evaluated whether it is
possible to completely eliminate MeOH production from the
CoPc/CNT hybrid catalyst by blocking direct coordination of the K
cation to *CO and *CHO using a crown ether. Crown ether is known to
chelate the cationinsolution and blockitsinteraction with other spe-
cies’>**, Here we used 18-Crown-6, whose hole size fits the K* cation,
forming a stable K*-18-Crown-6 complex®**. In this case, only the
common COintermediate responsible for CO productionwas observed
by SFG, whereas the more selective CO intermediate at high frequency
was completely absent (full spectra as a function of applied potential
are shown in Supplementary Fig. 26). Additionally, the kinetic meas-
urements showed that there was almost no MeOH production in the
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presence of the crown ether (Fig. 6b,c), confirming that without direct
interaction of *CO with K* MeOH formationis not possible, even on the
molecularly dispersed CoPc catalyst. Furthermore, the hydrogen evolu-
tionreaction was also suppressed by the crown ether, indicating very
limited water present at the interface. Thus, we propose the interfacial
structure as depicted in Fig. 6e. 18-Crown-6 blocks the interaction
between the K" and CO intermediate, which completely suppresses
MeOH production. This also explains the disappearance of the active
COintermediatein SFGspectra. Theactive CO intermediateis unstable
without cation coordination and consequently it desorbs quickly from
the CoPc catalyst and is not detectable by SFG.

Both ofthese control experiments support the proposed mecha-
nism. Namely, the distinctlocal solvation environment for molecularly
dispersed CoPcinduces direct cation coordination with the reaction
intermediate, which stabilizes CO adsorption and enables further
reduction to MeOH viaa*CHO intermediate. By changing the solvation
structure with different cations or chelating cations with crown ether
itis possible to influence the MeOH selectivity and yield, confirming
that this reaction pathway is extremely sensitive to cation coordina-
tion and solvation structure inside the Stern layer of the molecularly
dispersed catalyst.

Conclusions

Insummary, this work shows that molecularly dispersed CoPc on CNTs
(thatis, the CoPc/CNT hybrid) produces asubstantialamount of MeOH,
whereas CoPc aggregates or CoPc/CNT mixture produce only CO.
AFM-IR measurements showed the presence of CoPc aggregates in
boththe hybrid and the mixture, whereas amolecularly dispersed thin
layer of CoPc was observed only for the CoPc/CNT hybrid catalysts.
Thus, a clear correlation between the dispersion state and catalytic
performance of CoPc can be drawn where molecularly dispersed CoPc
onCNTsdisplays notably enhanced selectivity to MeOH whereas aggre-
gated CoPc produces primarily CO. We further employed the in situ
SFG technique to understand the mechanism for MeOH synthesis by
molecularly dispersed CoPc catalysts. The results showed that two
types of CO species with different frequencies and Stark tuning behav-
iour are present on CoPc/CNT hybrid catalysts. One of these represents
COadsorbed on CoPc aggregates, where CO existsin the diffuse layer
and is H bonded with the aqueous electrolyte. The other represents
CO adsorbed on molecularly dispersed CoPc, where CO exists in the
Stern layer and is directly stabilized by interaction with K* cations.
On the basis of DFT calculations, a mechanism is proposed where
COintermediates adsorbing to molecularly dispersed CoPc located
within the Stern layer experience directinteraction with alkali cations,
which stabilize *CO and notably lower the barrier for the formation of
MeOH through a *CHO intermediate. In contrast, CO intermediates
adsorbing to CoPc aggregates are located outside the Stern layer,
where they are not stabilized by cationinteractions and desorb before
protonation. This mechanism s consistent with the observation that
replacing K" with Li" or chelating K" using a crown ether suppresses
MeOH formation.

This work highlights theimportant effect of molecular solvation
structure and cation coordination on the activity and selectivity of
electrochemical CO, conversion. In addition to the CO,RR, similar
effects were also observed for the NO;RR and ORR. Unlike purely
heterogeneous electrocatalysts, where all surface sites reside inside
of the Stern layer, correct positioning of molecular catalysts relative
to the EDL represents a critical design parameter for heterogenizing
molecular electrocatalysts that has been largely overlooked. Because
molecular aggregation can occur easily, this aspect of catalyst design
isrequired to access enhancement effects resulting fromdirect cation
coordination and the unique solvation structure only present inside
the Stern layer. Together, this work shows that dispersion of molecular
catalystsonasupporting electrode is as critical for catalyst optimiza-
tion as the synthetic design of the molecular catalyst, where precise

positioning of the molecular catalyst with respect to the EDL is a key
parameter for efficient CO, conversion to MeOH via a cation-assisted
reactionmechanism. This lessonis also applicable to other molecular
catalytic systems and here we recommend that the field pays substan-
tial attention to itin future work.

Methods

Electrode preparation

The synthesis of CoPc-NH,, purification of as-received multi-walled
CNTs (FT9100; Cnano) and loading of CoPc and CoPc-NH, onto puri-
fied CNTs to prepare the hybrid catalysts were all carried out as detailed
in our previous work®. Briefly, 30 mg CNTs were dispersed in 30 ml
N,N-dimethylformamide (DMF) and sonicated for 30 min. Then, 1.5 mg
CoPc (or CoPc-NH,) dissolved in 15 ml DMF was added to the CNT
suspension. The mixture was sonicated for 30 min before stirring for
20 h. Subsequently, the mixture was centrifuged and the precipitate
was washed with DMF and ethanol. Finally, the precipitate was lyophi-
lized to yield the final hybrid catalyst. To prepare the CoPc/CNT and
CoPc-NH,/CNT mixture catalysts, the same procedure was followed
asforthe hybrid catalysts except ethanol was used instead of DMF and
the amount of CoPc (or CoPc-NH,) was changed to 1 mg. The weight
percentage of CoPc and CoPc-NH, in their respective CNT hybrid
and mixture catalysts was 3.2%, as measured by inductively coupled
plasma mass spectrometry. Catalyst ink was prepared by dispersing
2 mg hybrid or mixture catalyst in 2 ml ethanol with 6 p1 5 wt% Nafion
solution and sonicating for 1 h. Once well dispersed, 4 x 50 pl catalyst
ink was drop-cast onto a 0.5 cm? section of a 0.5 cm x 2.5 cm piece of
carbon fibre paper (Toray 030) and dried under aninfrared lamp. The
prepared working electrodes had a catalyst-covered geometric area
of 0.5 cm? and a catalyst mass loading of 0.4 mg cm™. The CoPc or
CoPc-NH, aggregate electrodes were prepared viaasimilar procedure
except the drop-casting dispersion was 0.2 mg ml™ concentration and
the total volume drop-cast was 32 . As described above, all catalyst
electrodes were prepared with the same CoPc (or CoPc-NH,) mass
loading of 13 pg cm™,

Electrolyte purification measurements

Purification of aqueous electrolyte solutions (500 ml) was con-
ducted withatwo-electrode setup using two 99.99% Ti foil electrodes
(10 cm x 5cm). The purification was conducted with stirring at 2.5V
untilthe current decreased to150 pA. The current was then maintained
at150 pAfor24 h. Atthe end of the purification, the Tielectrodes were
removed fromthe solutionbefore the applied potential was released to
avoid the electrodeposited impurities from re-entering the solution.

Electrochemical measurements

Electrochemical measurementswere carried out usinga BioLogic VMP3
Potentiostat and a custom-made gas-tight two-compartment H-cell.
The anodic and cathodic compartments were separated by an anion
exchange membrane (Selemion DSV). Each compartment contained
12 mlelectrolyte and 18 ml gas headspace. A graphite rod was used as
the counter electrode and placed in the anodic compartment. The
reference electrode was Ag/AgCl (saturated KCI) and this was placed
in the cathodic compartment near the working electrode. The cathodic
compartment included two tubing ports: the in-tubing was placed in
theelectrolyte and connected to aflowmeter, whereas the out-tubing
was placed inthe headspace and connected to the gas chromatograph.
Gas flowed continuously atarate of 20 standard cubic centimetres per
minute. The ohmic drop between the working electrode and reference
electrode was determined using potentiostatic electrochemical imped-
ance spectroscopy at—0.5 Vversus Ag/AgCl between 200 kHzand1Hz
with an amplitude of 10 mV. The resistance (R) was determined as the
intersection of the curve with the real axis of the Nyquist plot and the
current (i) isgiven by the potentiostat. Theinternal resistance was then
corrected during all of the electrolysis experiments with 100% iR
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compensation, whichis the voltage loss caused by the electrolyte solu-
tionbetween the working electrode and reference electrode. Current
densities were calculated withrespect to the catalyst-covered geomet-
ric area of the working electrode. All of the potentials were converted
tothe RHE scale using the following equation: Ve = Vogjagci + (0.1976 V) +
(0.0592 V) x pH.For the CO, reduction experiments, unless otherwise
stated, the electrolyte was 0.1 M aqueous MHCO, (where M = Li or K).
Before the start of each electrolysis the electrolyte was pre-saturated
with CO, (or Ar for the control experiments) by bubbling for at least
20 min. For the cation dependence study, a stoichiometric amount of
18-Crown-6 (>99%; Sigma-Aldrich) was added to the 0.1 M KHCO,
electrolyte. Controlled potential electrolysis was for a30 min duration
and the mean from three independent measurements was reported.
Forthe NO; reductionexperiments, the electrolyte was 0.1 Maqueous
phosphate buffer (pH 7.2) with 0.1 M KNO;. The electrolyte was
pre-saturated with Ar by bubbling for at least 20 min before the meas-
urement. Controlled potential electrolysis was performed for 30 min
duration. For the O, reduction experiments, the electrolyte was 0.1 M
aqueous KOH. The electrolyte was pre-saturated with Ar by bubbling
foratleast 20 minbefore the measurement. Toincrease mass transport
of the reactant gas to the catalyst, the in-tubing was placed directly
next to the backside of the working electrode.

Product quantification

The gas products (H, and CO) of electrocatalysis were analysed using
a gas chromatograph (Multiple Gas Analyzer #5; SRI Instruments)
equipped with aflameionization detector and athermal conductivity
detector. Arwas used as the carrier gas. Typically, the in-line gas chro-
matograph was programmed to sample the headspace every 10 min;
therefore, the gas products were quantified three times during a30 min
controlled potential electrolysis. The peak areas were converted to gas
volumes usingacalibration curve created with known concentrations
of H, and CO. Careful examination of gas chromatography spectra
showed the absence of other gas-phase products except H, and CO
(Supplementary Fig. 6). The Faradaic efficiencies and partial current
densities of gas products werereported as the average of three or more
independent measurements. Liquid products of electrocatalysis were
detected usingaBruker 400 MHz NMR spectrometer.'HNMR spectra
were collected using a water suppression mode (delay time between
pulses (d1) =20 s; 32 scans). NMR samples were prepared by adding
450 plelectrolyte taken from the cathode compartmentimmediately
post-electrolysis to an NMR tube containing 50 pl 10.00 mM dimeth-
ylmalonicacid (TraceCERT; Sigma-Aldrich) internal standard dissolved
in D,0 (99.9 atom%; Sigma-Aldrich). NH; was quantified using the
indophenol blue method*® inwhich NH; is converted into indophenol
blue viareaction with salicylate and hypochlorite. A series of standard
samples with known concentrations of NH,* prepared with NH,CI
(Macron) were made using the phosphate buffer (0.03 M KH,PO, +
0.035 M K,HPO,) + 0.1 M KNO; electrolyte and measured to establish
the calibration curve based on the maximum absorbance at 652 nm.
The NH, concentration of an unknown sample was calculated using its
absorbance at 652 nm and the calibration curve. A blank sample pre-
pared from fresh electrolyte was measured before every ultraviolet—
visible absorption experiment to ensure there was no contamination
ofthe electrolyte and serve as the baseline.

AFM-IR measurement

Samples for AFM and AFM-IR measurements were prepared by solvat-
ing 0.1 mg ml™” of the desired solid material followed by sonication. Bare
CNTs, CoPcand CoPc-NH, aggregates were solvated in DMF, whereas
CoPc/CNT and CoPc-NH,/CNT were solvated in chloroform. The solu-
tions were diluted to 0.01 mg ml™ followed by a second sonication. The
dispersed materials were drop-cast onal5-nm-thick gold film that was
evaporated on a silicon wafer. The Au-coated wafer was annealed to
100 °C before drop-casting.

AFM-IR measurements were performed at tapping mode using a
nanolR3 (Bruker) setup equipped withaBruker hyperspectral quantum
cascade laser source (790-1,950 cm™), gold-coated Si probes with a
nominal diameter of -25 nm, resonance frequencies of 75 + 15 kHz and
spring constants of 1-7 N m™. The average spectral acquisition time was
5sper spectrumwith aspectral resolution of 2cm™.

Insitu SFG measurement

The SFG system has been described previously****. In brief, it uses a
Ti:sapphire regenerative amplifier (Solstice; Spectra-Physics) that out-
puts 90 fs pulses at 800 nm with an average power of 3.5 W.70% of the
outputisusedto pump anoptical parametric amplifier (TOPAS Prime)
and generates the infrared beam. The remaining 30% visible beam is
spectrally narrowed to 10 cm™ using an air gap etalon (TecOptics). Both
infrared and visible beams are incident on the homemade SFG cell in
aKretschmann configuration. The visible beam is delayed for ~700 fs
relative to the infrared beam to suppress the non-resonant signal. To
make the electrode for SFG measurement, a 50 nm Ag thin film s first
deposited onthe CaF, window through electron beam physical vapour
deposition (DV-502A E-Gun Evaporator; Denton), followed by another
2.5 nmultrathin Al,O, passivation layer deposited by atomic layer depo-
sition (Picosun SUNALE R-150B). The catalysts are then drop-cast onthe
electrode surface using the same protocol and loading as the kinetics
measurement, as stated above. The electrolyte is made from purging
C0,(99.999%; Praxair) into 0.05 MK,CO, (99.995%; Sigma-Aldrich) or
Li,CO;(99.997%; Sigma-Aldrich) dissolved in ultra-pure Milli-Q water
for 30 min, which completely converts it into KHCO, (or LiHCO,).
A BioLogic SP-50 potentiostat is employed to apply the potential to
the electrode during the in situ SFG measurement. For crown ether,
astoichiometricamount of 18-Crown-6 (>99%; Sigma-Aldrich) isadded
to KHCO, to obtain a concentration of 0.1 M. An Au mesh (99.999%;
Thermo Fisher Scientific) is used as the counter electrode and a Nafion
membraneis used to separate the cathode and anode compartments.

DFT calculation

DFT calculations were performed with Gaussian 16 revision A.03
(ref. 57) using the unrestricted Tao, Perdew, Staroverov and Scuseria
level of theory with D3 corrections (Becke-Johnson damping)®**° in
solution (water; £ = 78.3553) via the solvation model based on density
approach®®. Geometry optimizations were run with the def2-TZVP
basis set for Co and the def2-SVP basis set for all other atoms (denoted
BS1)°"*2, Additional single-point calculations for electronic energy
refinement purposes were run in solution using the def2-TZVPP basis
set for all atoms (denoted BS2). The integration grid was specified to
99 radial shells around each atom, with 590 angular points per shell.
Stability analyses were performed in addition to analytical frequency
calculations on all stationary points to ensure that geometries cor-
responded to local minima (all positive eigenvalues) or the transition
state (one negative eigenvalue). Intrinsic reaction coordinate calcula-
tions and subsequent geometry optimizations were used to confirm
the minima linked by each transition state®*®*. Although the initial
computed energies output by Gaussian are given in the gas phase at
latmand298.15K, all of the reported free energies in this paper were
converted to the condition for solution phase at 1M and 298.15 K by
adding1.89 kcal mol™to the free energies using the equation AG™ =RT
In[24.4654], where R is the ideal gas constant and T is the tempera-
ture of the reaction. The GoodVibes program was used to implement
this conversion, along with quasi-harmonic oscillator corrections to
entropic contributionsimplemented by Grimme® and Head-Gordon’s
quasi-harmonic approach to enthalpy®. A variety of DFT functionals
were employed to benchmark the C-O bond stretching frequency
Vo Of the CoPc-CO adduct, (I1)”, with and without explicit water, and
the results are reported in the Supplementary Information. Addi-
tional details of DFT calculations are provided in the Supplementary
Methods, Supplementary Figs. 21-24 and Supplementary Tables 1-15.
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Data availability

All of the experimental data supporting the findings of this study are
available withinthe supplementary materials. Source dataare provided
with this paper.
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