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Fullerenes interact positively with many metal-based catalysts via
intense electron transfer. Yet, we here revealed that Cgo serves as a
probe due to its deactivation of the active sites of single-atom O,
reduction electrocatalysts. Cgo adsorption to metal atoms creates
steric hindrance that restricts the access of O, to the active sites.

Fullerenes are n-conjugated molecular carbon allotropes with a
set of fascinating structural and electronic properties that have
triggered significant interest from the catalysis community.'
For instance, the abundant native pentagons render fullerenes
an unparalleled feedstock to construct intrinsic defect-rich
carbon catalysts.” ® The metal-like electrical conductivity brings
higher fullerene Co with superior oxygen reduction reaction
(ORR) activity to that of semiconducting Ceo and C,.” Besides,
covalent 2D fullerene networks with suitable band gaps and
high carrier mobility are potent photocatalysts for water
splitting.*°

Recently, fullerenes as powerful regulators of the localized
electronic structures of metal-based catalysts are increasingly
being reported. For example, the exceptional redox capability
renders Cg, molecules as a robust electron-buffering agent
between Cu’/Cu’ and Cu>*/Cu’ couples.’® Compared to Cu/
Si0, with dominant Cu® species, Cgo can extract electrons from
Cu’ to form Cg,~ and Cu’. Meanwhile, Cs,~ can also donate
electrons to Cu**, forming Cg, and Cu®. As a result, crucial Cu*
species are stabilized by Cg, to enhance the hydrogenation
activity of Ceo-Cu/SiO,. In pursuit of the monovalent Cu®

“State Key Laboratory of Materials Processing and Die & Mould Technology, School
of Materials Science and Engineering, Huazhong University of Science and
Technology, Wuhan 430074, China. E-mail: guok@hust.edu.cn, lux@hust.edu.cn

b Institute of New Energy, School of Chemistry and Chemical Engineering, Shaoxing
University, Shaoxing 312000, China

“ Department of Energy and Petroleum Engineering, University of Stavanger,
Stavanger 4036, Norway

1 Electronic supplementary information (ESI) available: Experimental section,

characterization and electrochemical data. See DOI: https://doi.org/10.1039/

d4cc03901g

1 These authors contributed equally to this work.

11964 | Chem. Commun., 2024, 60, 11964-11967

#*? Song Lu,” Lipiao Bao,

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Fullerene as a probe molecule for single-atom
oxygen reduction electrocatalysts¥

@ Zhixin Yu (2 and Xing Lu (2 *?

species that play a pivotal role in Cu-based catalysts towards
CO, electroreduction, researchers have devised Cgy-adsorbed
Cu metals as superior electrocatalysts to bare Cu.'"'? Likewise,
intense interfacial electron transfer induced by fullerene mole-
cules has also been evidenced to enhance the catalytic perfor-
mance of metallic substrates, such as CoNi layered double
hydroxides™ and MoS,."*'*> Nevertheless, positive electronic
interactions are uncovered only between fullerenes and large-
sized metallic aggregates. How sub-nanoscale fullerenes would
affect the metal active sites at the atomic level remains an
unresolved issue. It is thus of high interest to explore whether
fullerenes can still optimize the electronic structure of the
metal site where they are adsorbed to, behaving like a feasible
axial ligand of metal single-atom catalysts (SACs).'®™>! Or alter-
natively, the larger sizes of fullerene molecules than that of
metal atoms may result in the deactivation of the metal site by
surface blocking, functioning as a molecular probe of the active
site of SACs.

Macrocycles bearing representative M-N,~C moieties have
been widely exploited as model catalysts to investigate various
carbon-hosted SACs.**>* Utilizing metalloporphyrin (MP) as a
molecular SAC, we unravel the unexpected inhibiting effect of
Ceo in the ORR activity of MP. Control experiments indicate that
non-covalently anchoring either cobalt porphyrin (CoP) or Cg
on carbon nanotubes (CoP/CNT and Cg,/CNT) leads to much
higher ORR activity than individual CoP, Cg, and CNTs. How-
ever, further addition of Cg, to COP/CNT (Cgo-CoP/CNT) results
in a dramatic ORR activity decay, the same as that observed
after adding the well-noted thiocyanate (SCN ) poison. Density
functional theory (DFT) calculations reveal that the planar MP
molecule is confined between the CNT matrix and Cg, mole-
cule, creating high steric hindrance that restricts O, access to
the active Co atoms.

CoP/CNT and Cgo-CoP/CNT are prepared via a straightfor-
ward 7 interaction-enabled adsorption strategy by mixing dif-
ferent precursors in CS, solvent (Experimental section, ESIt). In
particular, CoP is selected because it presents better ORR
activity than the other common 3d metal MPs (Fig. S1, ESI{).>®
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Fig.1 SEM (a)-(c) and TEM (d)-(f) images of the CNTs (a) and (d), CoP/
CNT (b) and (e), and Ceo-CoP/CNT (c) and (f). XRD patterns (g) and Raman
spectra (h) of the CNTs, CoP, Cgo, CoP/CNT, and Cgo-CoP/CNT. The red
square, blue rhombus, and green circle in (g) and (h) represent CNT, CoP,
and Ceo, respectively. (i) XPS spectra of the Co 2p and N 1s regions of CoP,
CoP/CNT, and Cgo-CoP/CNT.

The mass loading of CoP is optimized to be 50 wt% due to the
highest ORR activity among a series of CoP/CNT (Fig. S2, ESIT).
The same molar quantity of Cg, as that of CoP is then added in
Ce0-COP/CNT. The morphology and structure of the as-prepared
materials are first examined by scanning and transmission
electron microscopies (SEM and TEM). The typical 1D morphol-
ogy is clearly seen in the commercially-received CNTs (Fig. 1a).
Despite the high tendency for the self-assembly of CoP and Cgp
into large molecular crystals, no obvious aggregates are dis-
cerned in either CoP/CNT (Fig. 1b) or Ce»-CoP/CNT (Fig. 1c),
which could be attributed to the improved dispersity of
both molecules on CNTs. This is further supported by their
TEM images. It is found that these CNTs are composed of
multi-walled tubes with diameters of dozens of nanometers
(Fig. 1d). The uniform image contrasts indicate the absence of
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large-sized crystalline particles in CoP/CNT (Fig. 1e) and
Ceo-COP/CNT (Fig. 1f). Additional SEM and TEM images are
presented in Fig. S3 (ESIf).

The crystallinity of the materials under study is investigated
by X-ray diffraction (XRD). As shown in Fig. 1g, a major
characteristic peak at ~26°, corresponding to the (002) plane
of graphitic carbon, is observed for the CNTs. Pure CoP and Cg
show well-defined characteristic peaks, reflecting the fact that
they are easily self-assembled into crystalline particles owing to
intermolecular forces.”® After loading CoP on the CNTs, aside
from the diffraction peak of the CNTs, two broad peaks that can
be assigned to CoP are discerned, indicating the significantly
decreased crystallinity of CoP. A similar phenomenon is also
observed after further addition of Cgo to form Cgo-CoP/CNT, in
which the Cgo phase presents much lower crystallinity than
pure Ceo. The results again manifest that CNTs substantially
mitigates the severe aggregation of CoP and Cg, molecules.?”

Raman spectroscopy is further employed to analyze the
chemical structures of these materials. Typical D and G bands
of graphitic carbon materials at 1340 and 1570 cm ' are
observed for CNTs, CoP/CNT, and Cg,-CoP/CNT (Fig. 1h).
Besides, multiple weak Raman bands originating from CoP
are also observed in CoP/CNT, whereas an additional band at
1460 cm ™', namely the A,(2) mode of Cgo, is discerned in Ceo-
CoP/CNT. The Raman results also confirm that only small-sized
CoP and Cg, aggregates are formed after their hybridization
with CNTs. Elemental states and speciation information of
CoP, CoP/CNT, and Cg-CoP/CNT are further acquired by
X-ray photoelectron spectroscopy (XPS). The full-survey XPS
spectra verify the existence of C, N, and Co elements (Fig. S4,
ESIY). Fig. 1i displays the high-resolution XPS spectra of the Co
2p and N 1s regions, in which the Co 2p spectra can be resolved
into two spin-orbit doublets, Co 2p,,, and Co 2p3,,, whereas the
peak centered at 399.2 eV can be assigned to the pyrrolic N of
CoP. Compared to CoP, the intensities of the Co 2p;,,, Co 2p3/s,
and N 1s peaks for CoP/CNT become substantially lower,
coinciding with the lower mass ratio of CoP in CoP/CNT.
Importantly, the Co 2p and N 1s peaks are barely observable
for C4o-CoP/CNT, indicating that the addition of C¢, may lead to
the surface coverage of CoP to a certain depth that is beyond
the detection limit of XPS.

The ORR performance of the catalysts under study is then
evaluated using the standard rotating disk electrode technique
in 0.1 M KOH electrolyte (pH = 13). Fig. 2a shows the polariza-
tion curves of the ORR on six different catalysts at 1600 rpm.
Their corresponding half-wave potentials (E;,,) are measured
and compared in Fig. 2b. Either Cg, or CNT alone presents
rather poor ORR activity with low E;, values of 0.55 and 0.64 V,
respectively. Despite the presence of Co SACs, CoP still displays
limited ORR activity (0.69 V) due probably to severe molecular
aggregation and low electrical conductivity. After non-
covalently dispersing CoP molecules on conductive CNTs, a
significant increase in E;/, is observed for CoP/CNT (0.80 V),
affirming the positive role of the CNT support. This is also
supported by loading Cg, onto the CNTs to gain Ceo/CNT, which
gives a higher E;,, of 0.69 V than that of individual Cg, and
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Fig. 2 (a) ORR polarization plots and (b) corresponding E;, of the
materials under study in 0.1 M KOH at 1600 rpm. Schematic illustrations
of CoP/CNT (c) and Cgo-CoP/CNT (d) that exhibit high and low ORR
activities, respectively. Color code: C, cyan; N, blue; H, white; Co, green.

CNTs, in good line with the results of a previous study.’®
Rotating ring-disk electrode analysis reveals a highly-selective
four-electron O,-to-OH~ ORR pathway on CoP/CNT (Fig. S5,
ESI+). More intriguingly, the further addition of C4, to CoP/CNT
leads to an unexpected decrease of E;,, to 0.73 V, indicating an
eminent ORR activity decay of Co SACs caused by Cg, mole-
cules. Due to the n-=n stacking interactions, it is no wonder that
CoP molecules are planarly adsorbed on the CNT surface,
allowing O, reactants to be readily adsorbed to and reduced
on the exposed Co sites, as illustrated in Fig. 2c. Once Cgg
molecules are introduced, they could be adsorbed to either
CNTs or CoP owing to the analogous n-rn stacking interactions.
Given the deteriorated ORR activity of Cgo-CoP/CNT and the
aforesaid material characterization results, it is rationalized
that Ce shall be situated on top of CoP, potentially blocking the
access of O, to the ORR-active Co sites (Fig. 2d). On this
account, Ceq is not an expected facilitator, but rather can serve
as a probe molecule to identify the active sites of SACs due to its
site deactivation role.

Control experiments are carried out to verify the deactiva-
tion role of Cgo. We first tune the molar ratio between CoP and
Ceo (0:1, 1:4, 1:2, and 1:1) of Cgy-CoP/CNT. Polarization
curves (Fig. 3a) and E;/, values (Fig. 3b) show that the ORR
activity of Cgo-CoP/CNT decreases from 0.80 to 0.73 V with the
increase of the Cg, content. Such positive correlation implies a
growing inhibiting effect with more Cq, molecules. Moreover,
SCN™ is known as a probe that strongly binds to transition
metals, causing chemical, physical, and electronic effects that
dramatically disrupt the catalytic functions of such metals.**">
It is thus no surprise that the addition of SCN~ leads to a
dramatic activity loss of CoP/CNT (Fig. 3¢ and d). However, the
same E, reduction level by adding Ce, as that by adding SCN™
strongly hints that C¢o behaves just like SCN™ as an inhibitor to
the Co SACs, indicating that Ce, can serve as a similarly
efficient probe to examine the catalytically active sites as SCN ™.
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Fig. 3 (a) ORR polarization plots and (b) corresponding E;/, of COP/CNT
and Cego-CoP/CNT with different Cgo/CoP ratios of 1:4, 1:2, and 1:1.
(c) ORR polarization plots and (d) corresponding E;/, of CoP/CNT before
and after the addition of Ceo and SCN™. (e) ORR polarization plots
and (f) corresponding E3,, of NiP/CNT and Cgo-NiP/CNT. (g) ORR polar-
ization plots and (h) corresponding Ej;, of CoP/KB, Ceo/KB, and Cego-
CoP/KB.

To rule out the potential influence of the exclusiveness of Co
metal and the CNT support in the deactivation role of Cg, we
have made further efforts by utilizing alternative MP molecules
and a carbon support. Specifically, NiP/CNT and Cgo-NiP/CNT
are synthesized following the same synthetic recipe as that of
the CoP counterparts. As displayed in Fig. 3e and f, substantial
ORR activity loss is also observed for NiP/CNT after Cg, adsorp-
tion with the E;/, values reduced from 0.73 to 0.69 V, again
manifesting the role of Cg as an inhibitor. Analogously, a
conductive carbon black, ketjenblack (KB), is adopted to
replace CNTs as the support of CoP molecules following the
same synthetic methods. It is discerned that CoP/KB and Cgo/
KB exhibit almost the same ORR activities as those of CoP/CNT
and Cgo/CNT (Fig. 3g and h). After the addition of Cg,, COP/KB
also experiences dramatic ORR activity decay with an evidently
decreased E; ), of 0.76 V. Therefore, it is confidently concluded
that the probing role of fullerene will be universally applicable
to various metal SACs and irrelevant to the carbon support.

Insights of the deactivation mechanism of C¢, on CoP/CNT
are further provided by DFT calculations. The preferable
adsorption site of Cg, on carbon-supported CoP is examined
by calculating the binding energy (BE) of two distinct hybrids
that have Cgo and CoP on the same side (Fig. 4a) and opposite
sides (Fig. 4b) of a graphene substrate, respectively. The results
indicate that the hybrid with Cg, adsorbed on top of CoP is
more stable than the other by a ABE value of 0.435 eV. Even
when the solvent effect is included in the computation, a more
stable model is obtained for Cg, adsorbed to CoP (a ABE value
of 0.280 eV). Furthermore, O, adsorption to the Co site has to
overcome the considerable interactions between Cg, and CoP,
as reflected by the elongated distance between Co and Cg, after
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Fig. 4 Geometric configurations of Cgo adsorbed on the same side (a)
and opposite sides (b) of CoP adsorbed on a graphene matrix. Views of the
atomic models from two distinct angles are illustrated on the left and right,
respectively. Same color code as in Fig. 2.

O, binding (Fig. S6, ESIt). Combined with the above experi-
mental results, it is interpreted that the molecular SACs have
probably been spatially blocked by the Cg, molecules that are
favorably adsorbed on top of the ORR-active Co atoms, creating
substantial steric hindrance to restrict the access of O,. Note
that the inhibiting role of Cg, to SACs does not contradict with
the previously reported positive effects brought to metal parti-
cle catalysts by Cgo adsorption.’®™* In fact, it rules out the
possibility of the surface metal atom, to which the Cg, molecule
is specifically adsorbed, to serve as the potential active sites.

In summary, utilizing metalloporphyrin molecules that are
uniformly dispersed on CNTs via non-covalent n-r interactions
as model SACs, we disclose the probing role of Cg, molecules in
identifying the metal active sites of SACs towards the ORR.
While the dispersion of CoP and Ce, on CNTs leads to much
superior ORR activities to bare CoP and Cg, respectively, the
addition of Cgo to CoP/CNT results in reduced ORR activity. A
set of control experiments point out that the inhibiting effect of
CoP gets severe with increasing Cg, molar ratios. Ceo leads to
the same ORR activity decay as the recognized SCN™ poison.
The probing role of Cg, is also applicable to other metal SACs
and carbon supports. Structural analysis and DFT calculations
consistently indicate that the surface-stabilized CoP molecules
are tightly confined between the Cg, molecules and the basal
plane of the CNTs. High steric hindrance is thus created to
restrain the access of O, to the central metal atoms of MP SACs.
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