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Using Host-Guest Chemistry to Examine the Effects of Porosity and
Catalyst-Support Interactions on CO2 Reduction
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Abstract: Bis-porphyrin nanocages (M2BiCage,
M = FeCl, Co, Zn) and their host-guest complexes
with C60 and C70 were used to examine how molecular
porosity and interactions with carbon nanomaterials
affect the CO2 reduction activity of metalloporphyrin
electrocatalysts. The cages were found to adsorb on
carbon black to provide electrocatalytic inks with
excellent accessibilities of the metal sites (≈50%) even
at high metal loadings (2500 nmol cm−2), enabling good
activity for reducing CO2 to CO. A complex of C70 bound
inside (FeCl)2BiCage achieves high current densities for
CO formation at low overpotentials (|jCO| >7 mA cm−2,
η = 320 mV; >13.5 mA cm−2, η = 520 mV) with ≥95%
Faradaic efficiency (FECO), and Co2BiCage achieves
high turnover frequencies (≈1300 h−1, η = 520 mV) with
90% FECO. In general, blocking the pore with C60 or C70

improves the catalytic performance of (FeCl)2BiCage
and has only small effects on Co2BiCage, indicating
that the good catalytic properties of the cages cannot
be attributed to their internal pores. Neither enhanced
electron transfer rates nor metal-fullerene interactions
appear to underlie the ability of C60/C70 to improve the
performance of (FeCl)2BiCage, in contrast to effects
often proposed for other carbon nanosupports.

Introduction

Electrochemical CO2 reduction (CO2RR) is of interest for
the renewable production of fuels and other chemicals.[1]

To maximize the efficiencies of these emerging synthetic
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methods,[2,3] electrocatalysts are needed that can selec-
tively carry out a specific transformation (e.g., CO2 to CO
conversion[4–6]) while minimizing the overpotential needed to
achieve high turnover frequencies (TOF).[2,3,7,8] Considerable
progress has been made in developing metalloporphyrin[9–14]

(PorM) and metallophthalocyanine[15–17] (PcM) based molec-
ular catalysts to achieve these goals, but heterogeneous
catalysts are desired for practical implementation.[2,3,18–20]

Thus, many efforts have been made over the past decade
to attach PorM and PcM complexes to electrodes for use in
CO2RR.[21–24]

Scheme 1 illustrates two leading strategies for
immobilizing these catalysts: 1) incorporating the PorM
or PcM complexes into molecularly defined porous materials
such as MOFs,[25–28] COFs,[29–40] and discrete nanocages;[41–44]

or 2) adsorbing these complexes on conductive supports, such
as carbon nanotubes (CNTs).[17,45–54] Both approaches
have led to improved CO2RR activity,[17,31–33,44,47,49,51]

selectivity,[26,29,34,36,37,44,47–51] and overpotentials[26,45,46,49,50]

relative to PorM and PcM catalysts in solution or deposited
on electrodes using simpler methods. However, even for
the most studied reactivity (CO formation), increases in
current densities at low overpotentials would be needed
to meaningfully improve upon traditional inorganic
heterogeneous catalysts.[2,3] Achieving this goal is hindered
by a lack of understanding of how different catalyst
immobilization strategies affect activity.

Mechanistic conjectures regarding nanoporous catalysts
are especially varied and contradictory.[55–58] For example,
well-defined pores in MOFs, COFs, and other molecular
materials are often claimed to benefit CO2RR by increasing
the accessibility of the catalytic metal sites,[25,27–29,32–34,41,43]

but in many cases, only a low fraction of the metal centers
(<10%)[26,29,31,37] are electrochemically addressable. Likewise,
it is often suggested that the hydrophobic pores of these mate-
rials can promote the uptake of CO2,[26,27,29,31–36,41,43,44,55,56]

but the low relative permittivity of the confined active
sites might also inhibit charge redistribution that occurs
during CO2 activation.[59,60] An analysis of these effects is
confounded by the low conductivity of many MOFs and
COFs,[61] which likely inhibits their CO2RR activity.[62–67]

Conversely, carbon nanotubes are used to provide efficient
electron transport to adsorbed catalysts,[45–54] but like MOFs
and COFs, these supports might also exert local influences
on catalysis. For example, the curved nanotube surface
may induce geometric distortions in PcM catalysts that
alter their selectivity,[68] and the performance of PorM
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Scheme 1. (Top) Approaches for securing porphyrin and phthalocyanine complexes to electrodes for use as CO2 reduction catalysts; (Bottom)
Discrete nanocages for comparing the local effects of porosity and catalyst-support interactions on the CO2 reduction activity of metalloporphyrins.

and PcM catalysts might also be affected by electronic
coupling with CNTs,[68] fullerenes,[69,70] and other conductive
supports.[71]

To better understand these effects, we employed discrete
porphyrin nanocages (M2BiCage, Scheme 1) to examine how
molecular porosity and catalyst-support interactions affect
the CO2RR performance of metalloporphyrins. We recently
reported the synthesis of unmetalled H4BiCage and that
this structure strongly binds the fullerenes C60 and C70 as
guests.[72] Metalating H4BiCage with Fe and Co provided
CO2RR catalysts that exhibit comparable porosity to many
MOFs and COFs used for CO2 reduction,[25–34,37] while associ-
ation of C60/C70 in the M2BiCages provides a way to examine
how the catalytic sites are affected by interactions with these

carbon nanomaterials. Notably, the cages, their host-guest
complexes, and related monomeric porphyrins (Scheme 1)
all adsorb on carbon black to provide electrocatalytic inks
with similarly high accessibilities of the metal sites to H+ and
e−. By normalizing these mass/charge transport variables for
the different catalysts, the local effects of the hollow cage
structure and its interactions with fullerenes were elucidated.
The host-guest complexes generally showed similar or better
performance than the empty M2BiCages for reducing CO2 to
CO, and in the case of C70@(FeCl)2BiCage, this behavior was
leveraged to achieve some of the highest current densities
for selective CO formation that have been observed using
molecular catalysts operating at overpotentials milder than
≈0.5 V.[17,27,32,37,45,49,53,65]
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Scheme 2. Synthesis of metalloporphyrin nanocages Zn1BiCage, Zn,M-BiCage, andM2BiCage (M = Fe, Co), and the uptake of C60 and C70 by the
M2BiCages.

Results and Discussion

Synthesis and Characterization of the M2BiCages

The two porphyrin faces of H4BiCage are held together
by four covalent pyridinium linkages,[72,73] providing a
robust structure that was readily metallated[74] to provide
M2BiCages (M = FeCl, Co) as catalysts for studying CO2RR
(Scheme 2). Iron and cobalt were chosen because PorCo and
PcCo-based MOFs and COFs have been widely studied as
CO2RR catalysts,[25,27,29–40,44] and PorFe complexes were used
in two of the only other discrete nanocages that have been
examined for CO2RR.[25,26] Zn2BiCage was also prepared for
comparison with the catalytically active M2BiCages. Notably,
by metalating one of the precursor porphyrins with Zn
before assembling the cage, a monometallic Zn1BiCage was
prepared and subsequently metallated with Fe and Co to
provide heterobimetallic Zn,M-BiCages. Metallation of the
cages was confirmed by NMR and UV–vis spectroscopies
(Figures S1–S17, S36–S48) as well as ESI-HRMS (Figures
S21–S32). Likewise, NMR and ESI-HRMS characterization
was used to confirm that the M2BiCages quantitatively uptake
C60 or C70 upon sonicating a suspension of these fullerenes in
CD3CN solutions of the hosts (Figures S2, S8–S10, S16, S22,
S23, S30, S31).

Despite crystals of the M2BiCages diffracting weakly,
the structure of Zn2BiCage was successfully determined by
single-crystal XRD analysis, revealing that the benzylpyri-
dinium linkers are arranged to provide a barrel-like pore with
a hexagonal profile (Figure 1). Water molecules are bound to
the zinc sites inside the cage, indicating the cage structure does
not interfere with the coordination chemistry of the internal
faces of the zinc porphyrins.

Interestingly, an inversion center is located between the
two zinc sites despite the two halves of the cage being elec-
tronically distinct. Apparently, the benzylpyridinium linkers
have a charge distribution that is even enough to allow the
cage to pack in a way that reflects the geometric symmetry
of its components rather than their electronic differences.
Likewise, PF6

− anions inside and outside the cage are placed
symmetrically with respect to the distinct halves of the cage.

The Zn2BiCage units are aligned to form 1D channels
of ≈1 nm width (Figure 1c), which are packeted together in
a distorted honeycomb-like motif (Figure 1d). This packing
provides an extended porous structure reminiscent of many

Figure 1. Structure of Zn(OH2)2BiCage•4PF6 determined by
single-crystal X-ray diffraction analysis (P-1, R1 = 15.12%). a) View facing
the hexagonal aperture of the cage. b) View facing a zinc-porphyrin wall.
c) Infinite channel formed by the alignment of the Zn2BiCage units. d)
Honeycomb-like packing of the Zn2BiCage units. Note that a mix of
thermal ellipsoid, ball-and-stick, and space-filling representations are
used in A – D, with ellipsoids set to 50% probability. Disordered solvent
was excluded from the structure model.

MOFs and COFs that have been employed as CO2RR
catalysts.[26–34,37] Indeed, CO2 sorption studies at 195 K
(Figure S113) reveal that the M2BiCages have BET surface
areas (145 m2 g−1, M = Zn; 155 m2 g−1, M = Co; 293 cm2 g−1,
M = FeCl; Table S7) comparable to or a little lower than those
of many MOFs,[28] COFs,[31,32,35–37,39,40] and nanocages[41] that
have been used for CO2RR.

Electrochemical Characterization of M2BiCages

Initial electrochemical characterization of the M2BiCages was
performed by cyclic voltammetry in DMF solution (0.1 m
TBAPF6 electrolyte). Under these conditions, the metallated
cages exhibit poorly reversible reductions of the pyridinium
groups near −1.6 V (vs Fc+/0), as well as reversible or quasi
reversible redox couples that are characteristic of Fe, Co,
and Zn porphyrins (Table 1 and Figure 2; Figure S1, S55,
S56, S62).[75–77] These latter redox features overlap for the
distinct porphyrin units of each cage, suggesting that both
porphyrin faces have similar electronics. Additionally, the
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Table 1: Potentials for themetal-centered and pyridinium-centered reduc-
tions of the M2BiCages and related monomeric metalloporphyrins in
DMF.a)

PorM MIII/MII MII/MI N-alkyl-py+/• MI/0

(FeCl)2BiCageb) −0.60 −1.54c) −1.54c) −2.14
xMePyPFeClb) −0.62 −1.58c) −1.58c) −2.18
TPPFed) −0.65 −1.53 N/A −2.16
Co2BiCageb) not observede) −1.26 −1.61 −2.41
xMePyPCob) not observede) −1.19 −1.64 −2.43
TPPCof) not observede) −1.30 N/A −2.43

a) Potentials are E1/2 values in V versus Fc+/0 and rounded to the
nearest 10 mV for (quasi)reversible redox couples. b) This work. c) The
FeII/FeI and N-alkyl-py+/• redox couples overlap. d) Ref. [75]. e) The
CoIII/CoII redox couple was not observed due to slow electron transfer
kinetics. f) Ref. [76].

Figure 2. Cyclic voltammograms of 0.05 mm solutions of a)
(FeCl)2BiCage, and b) Co2BiCage were recorded in DMF (0.1 m TBAPF6
supporting electrolyte).

metal- and porphyrin-centered reductions occur at potentials
similar to those of related neutral tetraphenylporphyrin
complexes (Table 1; Figure S1),[75–77] indicating that the
cationic cage does not strongly perturb the electronics of the
metalloporphyrins.

The most negative reductions of the (FeCl)2- and Co2-
BiCages show enhancements of current under 1 atm CO2

(Figures S50, S58) consistent with the typical CO2RR activ-
ity of iron- and cobalt- porphyrin complexes in organic
solvents.[14,75] However, the stabilities and solubilities of
the M2BiCages are diminished under such strongly reduc-
ing conditions, as evident from the irreversible pyridinium
reductions and other irregularities seen in CV measurements
(Figures S49, S55–S57, S62). Given this limitation, as well
as the unremarkable catalytic performance in preliminary
screenings (i.e., high overpotentials typical of simpler por-
phyrin catalysts[14,75]), we did not further examine the CO2RR
activity of the M2BiCages in DMF.

We next examined the electrochemistry of the (FeCl)2-
and Co2-BiCages in aqueous electrolyte, which offers advan-
tages for studying the CO2RR activity of these structures. In

particular, iron and cobalt porphyrins exhibit CO2 reduction
at milder potentials in water,[25–28,41–44] while more polar
conditions should stabilize the cages against detrimental
reductions of their cationic pyridinium groups, thus enabling
CO2RR activity at potentials in which the cages are reason-
ably stable. The M2BiCages are not soluble in water even
when paired with hydrophilic anions (e.g., SO4

2−, HSO4
−),

so their aqueous electrochemistry was examined under het-
erogeneous conditions. The cages adsorb quantitatively onto
carbon black from acetonitrile solution, leading to stable
suspensions (Figure S63) that were used to deposit 25 nmol
loadings of the cages (50 nmol M) onto 1 cm2 carbon
cloth electrodes. Notably, this simple electrode preparation
led to nearly ideal surface-adsorbed CV responses for the
M2BiCages (Figure 3a,c), with a high percentage (40–70%
range, typically ≈50%) of the metal sites accessible based on
integrating the CVs of the electrodes (Table S3).

Cyclic voltammograms of (FeCl)2BiCage under argon at
pH 11 display FeIII/FeII and FeII/FeI redox couples (E1/2 =
+0.434 and −0.223 V vs RHE) that are reversible at scan
rates up to 100 mV s−1 before showing Epc/Epa separations
suggesting rate-limiting electron transfer (Figure 3a).[78,79]

The FeIII/FeII redox couple maintains similar reversibility at
lower pH, with a potential that shows a 52 mV per decade
dependence on H+ concentration (Figure S64), consistent
with a 1H+/1e− reduction of FeIIIOH to FeIIOH2.[80] The
good reversibility of this reduction indicates that protons
and electrons can readily access the iron sites of the cage,
representing a useful feature since H+ and e− transport often
limit electrocatalysis in other porous molecular materials.[19]

Thus, the CO2RR activity of (FeCl)2BiCages should be
biased toward revealing the beneficial effects of the porous
cage structure. The Co2BiCage displays only a weak and
inconsistent CoIII/CoII redox couple (E1/2 = +0.759 V vs RHE
at pH 7.2) that was not useful for evaluating H+/e− behavior,
but its CoII/CoI reduction (E1/2 = −0.172 V, Figure 3c) exhibits
similar behavior to the FeII/FeI reduction of (FeCl)2BiCage.
Thus, the immobilized Co and Fe cages appear to have similar
electron-transfer kinetics.

Aqueous Electrocatalytic Activity of the M2BiCages

The FeII/FeI couple is invariant to pH and becomes partially
obscured by the onset of H2 evolution at pH 7.2 under argon
(≈−0.44 V vs RHE, Figure 3b). The onset of catalysis and
the FeII/FeI reduction are both shifted positively by >150 mV
under 1 atm of CO2 in the KHCO3 electrolyte, indicating
significant CO2RR activity (Figure 3b). Similar CO2RR
activity is observed for Co2BiCage (Figure 3d), though in
this case, the MII/MI reduction maintains a constant potential
that is positive of the onset of catalysis under both Ar and
CO2. Additionally, the onsets of CO2RR and HER activity
occur closer together (<100 mV) for Co2BiCage, potentially
indicating greater competition between CO2 reduction and
HER for this catalyst.

Applied potential electrolysis was used to further probe
the CO2RR activity of the M2BiCages as well as several
other catalysts that were examined for comparisons. Two
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Figure 3. Aqueous CVs ofM2BiCage•4PF6 adsorbed on carbon black (1:5 by weight) and drop cast on 1 cm2 carbon cloth electrodes at 50 nmol metal
loadings. a) (FeCl)2BiCage at pH 11 and scan rates of 0.01, 0.05, 0.1, 0.25, 0.5 and 1 V s−1. b) (FeCl)2BiCage at pH 7.2 under Ar vs. CO2. c) Co2BiCage
at pH 7.2 and scan rates of 0.01–1 V s−1. d) Co2BiCage at pH 7.2 under Ar vs. CO2. Phosphate and carbonate buffers were used respectively for
experiments under Ar vs. CO2.

Figure 4. Heterogeneous CO2RR activity of (FeCl)2BiCage, xMePyPFeCl, and C60/C70@(FeCl)2BiCage on 1 cm2 electrodes (1 atm CO2, 0.5 m KHCO3).
a) Average current densities and CO partial current densities over 1 h using 50 nmol loadings of Fe, and b) the corresponding CO and H2 Faradaic
efficiencies. c) Average current densities for formation of CO, H2, and unidentified products over 1 h using 500 nmol loadings of Fe, d) using
2500 nmol loadings of Fe, and e) using 250 and 1250 nmol loadings of C70@(FeCl)2BiCage with the flow velocity across the electrode increased to
≈17 cm s−1 (≈1 cm s−1 was used in A – D).

tetracationic porphyrin complexes (xMePyPM and xPyBzM,
Scheme 1) were examined as models for the two indi-
vidual halves of the cages, and the host-guest complexes
C60/C70@M2BiCages were used to probe whether the internal
pores of the cages or their interactions with fullerenes are
better at promoting CO2RR. Several other catalysts (TPPM,
Zn2BiCage, the M,Zn-BiCages) were also examined, but
along with xPyBzPM, showed lower activity and/or selectivity
than the M2BiCages. Thus, only results from the M2BiCages,
their fullerene complexes, and the best monomeric catalysts
(xMePyPM) are presented here (Figures 4 and 5). It is,
however, worth noting that (FeCl),Zn-BiCage showed similar
CO2RR activity per iron site as (FeCl)2BiCage, suggesting
that both iron sites in (FeCl)2BiCage have similar activity (see
Figures S82–S84 for comparisons of all catalysts).

Initial experiments examined 50 nmol metal loadings
of the iron catalysts deposited on 1 cm2 electrodes using
an optimized 1:5 mass ratio of cage to carbon black that

was determined in preliminary screenings (Figure S81). The
current response of each catalyst was then examined over 1 h
at potentials from −0.34 to −0.94 V versus RHE in a cell with
a frit-separated counter electrode. Faradaic efficiencies for
gaseous products were determined by GC headspace analysis,
revealing moderate to good activity and selectivity for CO
formation in the range of −0.44 to −0.84 V (Figure 4a,b).
Current densities increased similarly for the four best Fe
catalysts from −0.44 to −0.64 V, with greater variation seen
at −0.74 and −0.84 V (Figure 4a). Interestingly, at these latter
potentials, the host-guest complexes C70@(FeCl)2BiCage and
C60@(FeCl)2BiCage respectively give the highest and lowest
total current densities, but the C60 complex ends up second
to the C70 complex with respect to CO specific current
densities. Thus, the fullerenes alter both the activity and
selectivity of the porphyrin catalysts. Indeed, (FeCl)2BiCage
and xMePyPFeCl have maximum selectivities of ≈80% for
CO formation at −0.54 V, while the host-guest complexes
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Figure 5. Heterogeneous CO2RR activity of Co2BiCage, xMePyPCo, and C60/C70@CoBiCage at 50 nmol loadings of Co on 1 cm2 electrodes with an
electrolyte (0.5 m KHCO3, 1 atm CO2) flow velocity of ≈1 cm s−1. Average current densities are presented for the formation of CO, H2, and
unidentified other products.

both reach ≈90% CO selectivities at this voltage (Figure 4b).
The host-guest complexes also maintain their selectivity
better at negative potentials (Figure 4b), whereas the CO2RR
activity of (FeCl)2BiCage and xMePyPFeCl gives way to
significant H2 formation at potentials ≤−0.64 V.

Good electrochemical accessibility (≥ 50%) was main-
tained for the four catalysts at increased metal loadings of 500
and 2500 nmol cm−2 (Figure S108, Table S3), so their activities
were examined at these loadings, focusing on potentials
(−0.44 to −0.64 V vs RHE) that yielded CO selectivities of
≥90% for some of the catalysts at lower loadings. Increased
total current densities were obtained at higher loadings of all
four catalysts (Figure 4c,d), with average increases of about 3-
fold seen between 50 and 500 nmol cm−2, and 2-fold between
500 and 2500 nmol cm−2. Selectivity for CO formation was
also improved for (FeCl)2BiCage and its host-guest com-
plexes, leading C70@(FeCl)2BiCage in particular to display
excellent CO Faradaic efficiencies of ∼95% from −0.44
to −0.64 V versus RHE at the highest loading (Figure 4d;
Figure S89). Other patterns of activity were similar to those
at lower loadings. Thus, (FeCl)2BiCage was the least active
catalyst for CO production at most loadings and potentials;
xMePyPFeCl showed good activity but the lowest selectivity
for CO formation; and the host-guest complexes consistently
had both good activity and selectivity for CO production, with
C70@(FeCl)2BiCage consistently showing better performance
than the other catalysts at 2500 nmol cm−2 loadings of Fe
(Figure 4d).

Many immobilized molecular electrocatalysts only show
good activity per metal site at low overall loadings.[21,26,41]

For example, maximum electrochemically accessible iron
loadings of just 3.7 nmol cm−2 were reported for the only
other iron-porphyrin nanocage that has been examined for
CO2 reduction, limiting |jCO| to ≤1.6 mA cm−2 even at
high overpotentials (−0.83 V vs RHE at pH 7.2, η =
0.71 V).[41] Thus, it is notable that (FeCl)2BiCage and its
host-guest complexes show improvements in activity with
increased loadings even up to 2500 nmol cm−2 of Fe. The
performance of C70@(FeCl)2BiCage was further improved
simply by stirring the electrolyte more vigorously to increase

its velocity across the electrode surface from ≈1 to ≈17 cm
s−1. This led to average increases in CO-specific current
densities of about 90% when using Fe loadings of 500 nmol
cm−2 at potentials from −0.44 to −0.64 V versus RHE,
with selectivity for CO formation remaining above 90%
(Figure 4e). Smaller increases in jCO (≤ 37%) were attained
upon further increasing iron loadings to 2500 nmol cm−2.
Nevertheless, the current densities for CO formation at this
higher loading (jCO = −7.2 mA cm−2 at −0.44 V, −9.4 mA
cm−2 at −0.54 V, −13.9 mA cm−2 at −0.64 V vs RHE; all with
FECO ≥94%) are among the best achieved for heterogenized
molecular catalysts at these moderate potentials in simple frit-
separated cells (Figure S91).[17,27,32,35,37–39,48,50,53,62,65,66,69] The
CO-specific current density of −7.2 mA cm−2 at −0.44 V
versus RHE (η = 320 mV) is especially notable, exceeding
that achieved with all but a few molecular catalysts at such a
mild potential.[17,50,53] Unfortunately, activity was diminished
upon repeated catalytic runs (Figures S105, S106), leading
current densities to be decreased by at least 20% after 6 h
using 500 or 2500 nmol cm−2 loadings of iron.

We next examined the aqueous CO2 reduction activity
of Co2BiCage and the other cobalt catalysts at Co loadings
of 50 nmol cm−2. Empty Co2BiCage showed the best
performance, giving CO selectivities of 80–90% at potentials
of −0.54, −0.64, and −0.74 V versus RHE, with CO specific
current densities of ≈−1.3, −3.5, and −3.9 mA cm−2 attained
at these voltages (Figure 5). In comparison, the monomeric
catalyst xMePyPCo showed worse activity and much lower
selectivity for CO formation, while the host-guest complexes
C60/C70@Co2BiCage showed activities and selectivities for
CO formation that were similar or slightly worse than those
of the empty cage. Thus, the activity of Co2BiCage is not
improved by interactions with fullerenes.

Nevertheless, Co2BiCage is a good catalyst by itself,
requiring just 50 nmol cm−2 of Co to achieve current
densities comparable to or exceeding those of most MOF
and COF-based catalysts at higher loadings (≈500 nmol
cm−2).[31,32,44,65,69] As a result, Co2BiCage has a turnover
frequency (1333 h−1 measured against all Co sites) at a
moderate overpotential (Eapp = −0.64 V vs RHE, η =
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520 mV) that is among the highest achieved by a molecularly
defined porous material under similar experimental condi-
tions (Figure S92A).[28,34,41,62] It is, however, worth noting that
other catalyst-support materials (e.g., CNTs) can lead to much
higher TOFs (Figure S92B).[17,50,53]

Increased loadings of Co2BiCage led to improvements
of CO2RR performance that were relatively sensitive to the
specific experimental conditions. For example, with gentle
stirring (≈1 cm s−1 flow velocity) at −0.64 V versus RHE,
500 and 2500 nmol cm−2 loadings of cobalt led to improved
jCO values of −5.0 and −9.5 mA cm−2, respectively, but with
diminished selectivity (FECO = 77% and 72%, Figures S87,
S90). Vigorous stirring (≈17 cm s−1 flow velocity) improved
both the selectivity and current density for CO formation
using 500 nmol cm−2 loadings of Co at −0.64 V versus RHE
(jCO = −10.2 mA cm−2, FECO = 92%), and good performance
was also attained at higher and lower potentials (jCO =
−5.5 mA cm−2, FECO = 85%, −0.54 V; jCO = −16.6 mA
cm−2, FECO = 89%, −0.74 V, Figure S87). In contrast, cobalt
loadings of 2500 nmol cm−2 led to increased H2 formation
without further increases in CO2RR (Figure S90). Thus, the
activity and selectivity of Co2BiCage do not scale as well
as for the iron catalysts. However, the catalytic stability of
Co2BiCage at high loadings is far superior, showing a <10%
decrease in total current after 6 h and no decrease in CO
specific current over this timeframe (Figure S107).

Effects of Porosity versus Host-Guest Chemistry on CO2RR

We sought to understand how the M2BiCage structures and
their interactions with fullerenes affect catalysis. First, it was
noted that better activity and selectivity for CO formation
correlate with better preservation of the redox features of
a given catalyst after catalysis. For example, the FeIII/FeII

couple is maintained better in CVs of C60/C70@(FeCl)2BiCage
than in CVs of (FeCl)2BiCage or xMePyPFeCl after 1 h
of electrolysis at potentials down to −0.74 V versus RHE,
and none of the catalysts are stable under more reducing
conditions that give rise mainly to HER (Figures S93–S96).
There is also a correlation between decreases in the redox
features of the catalysts and decreases in CO2 reduction
activity upon repeated 1 h runs (Figure S106). These
observations suggest that the active catalysts are the cages
and other metalloporphyrin species as initially deposited on
electrodes.

XPS spectra were similar for the catalysts as bulk powders
or incorporated into inks, in all cases showing peaks with
the expected binding energies for Fe, Co, and N in the con-
text of pyridinium-substituted porphyrin complexes (Figures
S114–S122).[81–83] Thus, the catalysts do not appear to be
affected much by adsorption on carbon black, though small
changes in the broadness of the pyridinium N-atom peaks
(binding energy ≈402 eV) suggest that the chemical environ-
ment of the pyridiniums may be altered slightly. These peaks
were broadened more after catalysis (Figures S115–S122),
possibly indicating degradation of the pyridiniums or simply
further alteration of their surrounding environment, e.g., by
replacement of the PF6

– anions.

Figure 6. a) Variable scan rate CVs in aqueous conditions at different
potential windows for C70@(FeCl)2BiCage•4PF6 deposited on a 1 cm−2

carbon cloth electrode (50 nmol metal loading). b) CV of a 0.1 mm
solution of the host-guest complex C70@(FeCl)2BiCage in DMF
containing 0.1 m TBAPF6.

The M2BiCages were estimated to stack 1–4 layers deep
when adsorbed on carbon black based on electrochemical
surface areas measured capacitively for these inks (Figure
S80).[84] Thus, the high accessibility of the metal sites
(≈50%) likely comes from good dispersal of the cages on
carbon rather than from their well-defined pores, especially
since xMePyPFeCl also shows high accessibility (Table S3).
Furthermore, SEM images show that cage-functionalized
carbon black deposits more evenly on carbon cloth than
does unfunctionalized carbon black (Figure S123), indicating
that the high electrochemical accessibility of the immobilized
M2BiCages is due to features of their inks that arise at a scale
beyond that of the molecular cage structure.

The cavity in the M2BiCages might still benefit CO2RR
via the favorable uptake of CO2, as is often suggested in
the study of electrocatalytic materials with well-defined
pores.[26,27,29,31–36,41,43,44,55,56] However, C70@(FeCl)2BiCage
consistently shows better activity and selectivity for CO
formation than attained with the empty bis-iron cage, and
C60@Co2BiCage displays similar CO2 reduction performance
to Co2BiCage. Since the fullerene guests take up nearly all the
space between the porphyrin walls of the cage, especially for
complexes of C70,[72,85] these observations indicate that good
catalytic performance can be achieved even when the cavity
of the M2BiCages is blocked. This conclusion does not rule
out the possibility that the internal pore aids CO2 reduction in
the empty M2BiCages, but it does show that other effects can
lead to similar or greater increases in activity and selectivity.

We next turned to understand how fullerenes enhance the
CO2RR activity of the (FeCl)2BiCage. Cyclic voltammograms
of C60/C70@(FeCl)2BiCage inks at pH 11 (Figure 6a; Figures
S65, S66) reveal that the FeIII/FeII redox couples are similar
to that of empty (FeCl)2BiCage (Figure 3a), but the FeII/FeI
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reductions of the host-guest complexes are larger, broader,
and less reversible. The increased current suggests that
the reduction of the fullerenes coincides with the FeII/FeI

reduction, while the flattening of this wave at higher scan
rates indicates slower electron transfer kinetics than for the
empty bis-iron cage. Thus, while C60 has been used to aid
electron transport in porous materials,[70,86,87] fullerene guests
appear to slow the FeII/FeI kinetics of (FeCl)2BiCage. This
effect also appears to apply to the cobalt derivatives, since
a CoII/CoI redox couple is not observed clearly for inks of
C60/C70@Co2BiCage (Figures S74, S76).

Electronic coupling between iron sites and fullerenes
is another factor that might benefit CO2RR activity.[69–71]

Homogeneous CVs of C60/C70@(FeCl)2BiCage in DMF
(Figure 6; Figures S51, S52, and Table S2) reveal that
the FeIII/FeII reduction is shifted negatively by a moderate
amount (�E1/2 ≈−0.2 V vs Fc+/0) relative to that of the empty
cage (Table 1), while the FeII/FeI redox couple is not altered
much by the fullerenes (�E1/2 ≈−0.05 V). These results show
that the redox features of the iron centers can be influenced
by the fullerenes,[88–90] but suggest against strong metal-
fullerene electronic interactions in the reduced states of the
cage relevant to catalysis. Thus, metal-fullerene interactions
might have some influence on catalytic activity, but it seems
unlikely that electronic effects are primarily responsible for
improving the CO2RR performance of the host-guest com-
plexes, especially since C60 and C70 both similarly affect the
redox behavior of (FeCl)2BiCage but C70 consistently leads to
greater improvements in activity. Additionally, the fullerene
guests appear to undergo significant chemical changes during
catalysis, as evident from ESI-HRMS analysis of the host-
guest complexes extracted from electrodes using DMSO
after 3 h of continuous use catalyzing CO2RR. The mass
spectra are dominated by peaks consistent with substantial
oxygenation and hydroxylation[91] of the fullerenes still bound
in Fe2BiCage (Figures S34, S35). Thus, the initial electronic
properties of the fullerene guests are unlikely to be retained
during electrolysis.

With electronic factors largely ruled out, structural effects
appear to be the most consistent explanation for the
influence of fullerenes on the activity of the M2BiCages.
Fullerene guests should alter the geometry and rigidity of
the cages,[92–94] which would plausibly influence the activity
and stability of these catalysts. This mechanistic interpretation
would explain why C70 has a greater influence on catalytic
activity than C60, since the larger guest should alter the geom-
etry and rigidity of the cages to a greater extent. However,
we caution that it is difficult to confirm these possibilities
experimentally, and reliable computational studies of these
large host-guest systems are impractical within the scope of
the present study.

Conclusion

The covalently linked BiCage motif was used to prepare
several bimetallic bis-porphyrin nanocages, including het-
erobimetallic examples. The solution processibility of the
M2BiCages enabled facile hybridization of these structures

with carbon black to provide electrocatalytic inks in which
≈50% of the metal sites are accessible to H+ and e−. This
high electrochemical addressability is superior to that of most
other molecularly defined porous materials that have been
examined as electrocatalysts for CO2RR,[26,29,31,37] allowing
the metallated cages and their complexes with C60 and C70

to achieve good activity for reducing CO2 to CO. Notably,
the performance of the M2BiCages and their fullerene
complexes C60/C70@M2BiCage at low overpotentials exceeds
that of the few other nanocages that have been examined as
catalysts for this reaction.[41–44] Moreover, by some metrics,
the M2BiCages and their host-guest complexes are among the
best nanoporous electrocatalysts in general for CO formation
at low overpotentials.[17,28,34,41,50,62]

Nevertheless, like other porous catalysts, the M2BiCages
would require significant improvements to achieve CO2RR
performance that is of practical use. Thus, our most
salient findings are the mechanistic insights afforded by
studying these well-defined porous catalysts. In particular,
(FeCl)2BiCage and Co2BiCage both exhibit better selectivity
and, in some cases, better activity for CO formation than their
monomeric counterparts xMePyPM. Such findings are often
attributed to beneficial effects of porosity in materials such
as MOFs,[25,27] COFs,[29,31–36] and other nanocages.[41,43,44,55,56]

However, comparisons of the M2BiCages and their fullerene
complexes reveal that the internal cavity of the cages is not
needed for good CO2RR activity. Thus, more caution may be
warranted when interpreting how nanoporous support mate-
rials affect the activity of immobilized CO2RR catalysts. We
propose that pore-blocking experiments could be developed
more widely for testing whether confined metal sites actually
contribute to the electrocatalytic activity of these materials.

In another notable finding, the association of C70 in
(FeCl)2BiCage leads to improved catalytic performance.
Neither enhanced electron transfer kinetics nor metal-
fullerene electronic interactions appear to underly
this behavior, suggesting that the C70 guest boosts
CO2RR in a different manner than usually invoked
for fullerenes and, especially, their extended CNT
counterparts.[45–54,68–70] Though the C70 guest improves the
activity of C70@(FeCl)2BiCage, this catalyst does not achieve
TOFs nearly as high as those often reported for molecular
catalysts adsorbed on carbon nanotubes.[17,50,53] Thus, despite
the excellent electrochemical accessibility of our nanocages
when immobilized, their local interactions with fullerenes
are not able to match the benefits conferred by securing
molecular electrocatalysts to more conductive CNT supports.
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