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Oxygen evolution electrocatalysis of a single MOF-derived
composite nanoparticle on the tip of a nanoelectrode

Harshitha Barike Aiyappa 2, Patrick Wilde 2, Thomas Quast 2, Justus Masa 2, Corina Andronescu °,
Yen-Ting Chen 2, Martin Muhler ¢, Roland A. Fischer ¢, Wolfgang Schuhmann *

Abstract: Determination of the intrinsic electrocatalytic activity of
nanomaterials by means of macroelectrode techniques is compro-
mised by ensemble and film effects. Here, a unique ‘particle at the
stick’ approach is used to grow a single metal-organic framework
(MOF; ZIF-67) nanoparticle on a nanoelectrode surface which is
pyrolyzed to generate a cobalt/nitrogen-doped carbon (CoN/C) com-
posite nanoparticle that exhibits very high catalytic activity towards the
oxygen evolution reaction (OER) with a current density of up to 230
mA cm? at 1.77 V (vs. RHE), and a high turn-over frequency (TOF) of
29.7 s at 540 mV overpotential. Identical location transmission elec-
tron microscopy (IL-TEM) analysis substantiates the ‘self-sacrificial’
template nature of the MOF, while post-electrocatalysis studies reveal
agglomeration of Co centers within the Co-N/C composite during the
OER. ‘Single-entity’ electrochemical analysis allows for deriving the
intrinsic electrocatalytic activity apart from furnishing insights into the
transient behavior of the electrocatalyst under reaction conditions.

‘Single-entity electrochemistry’ aims to understand electrochemi-
cal phenomena at the molecular level down to individual electro-
active sites, to ultimately explain fundamentals of electrochemical
reactions. This concept gained momentum after ultra-small
electrodes became accessible, which are capable of identifying
transient, highly sensitive, ultra-low amplitude signals resulting
from the electrochemical response of nanoscale entities.?! Its
inception marks a new frontier in ‘single-entity’ studies, breaking
away from deducing nanoparticle behavior from bulk-continuum
statistical ensemble analysis at macroelectrodes.®! The nanome-
tric dimensions of the electrode support investigations of reaction
kinetics at much higher mass transport rates owing to hemisphe-
rical diffusion towards the electrode along with negligible charging
currents and low effects of uncompensated solution resistance.?!
They also allow monitoring kinetics of very fast electrochemical
events in small volumes and unusual electrolytes.®! The en-
hanced mass transport rate allows circumvention of ensemble
and film effects, which are usually encountered while analyzing
electrode reactions macroscopically.
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Specifically, a nanoelectrode can provide a platform to combat
fluctuations in the local chemical environment proximal to the
nanoparticle. For instance, local changes in the interfacial pH va-
lue are known to influence molecular transport and the kinetics of
electrochemical reactions such as e.g. the OER, the CO; reduc-
tion reaction, the hydrogen oxidation reaction and the hydrogen
evolution reaction.”®! In order to evaluate the intrinsic activity of a
given catalyst towards such pH-sensitive reactions, a single
catalyst nanoparticle attached to a nanoelectrode should be em-
ployed to investigate electron transfer kinetics and the electroca-
talytic response. The presence of a single nanoparticle on the
nanoelectrode enables the closest approximation of its funda-
mental properties along with its shape and size-dependent elec-
trocatalytic activity.”l In particular, it supports binder-free investi-
gation of catalytic activity devoid of any film effects, resistive
charge-transfer pathways and ‘dead volume’ spaces due to addi-
tives.®l Nanoscale electrocatalysis therefore offers a new horizon
to connect real-world macroscopic catalyst assemblies and the
specific response of a single nanoparticle for designing catalyst
materials with high selectivity and specificity to desired reaction
pathways.l®l Carbon nanoelectrodes (CNE) are widely employed
for local electrochemical measurements.''” The tunable surface
properties of CNEs makes them convenient in cases where a
defined chemical surface is needed to promote the growth or
attachment of a specific nanoparticle. 'l The ability to tune the
size of the CNE to match that of the nanoparticle enables the
extraction of important reaction parameters.['?
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Scheme 1. (a) lllustration of diffusion flux around a macroelectrode and (b) a
nanoelectrode. (c) Flowchart of the various stages involved in the MOF-derived
CoN/C nanoparticle study.

Several studies exist in which single metal/metal oxide nanopar-
ticles supported on CNE were tested for their voltammetric beha-
vior."¥1 A comprehensive understanding of a particle’s catalytic
activity requires characterization of the structure and compositio-
nal changes: (i) as a catalyst precursor and during metamorphosis
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to the active catalyst during reaction, (i) in the activated state, and
(iii) after switching off the reaction.'"¥ However, visualization of the
nanoparticle’s growth, the subtle transformations occurring in
tandem with the electrocatalytic response and the post-electro-
catalysis changes in the aftermath of the reaction remain elusive
to ‘single-entity’ studies owing to the difficulty in handling single
nanoparticles. To facilitate identical location microscopic analyses
coupled with electrochemical studies, a stable nano-assembly
that can withstand the stresses exerted under electrocatalytic
reaction conditions is important. The present work illustrates the
fabrication of a single MOF nanocrystal of a zeolitic imidazolate
framework (ZIF) at the tip of a CNE and its transformation through
pyrolysis from an electrochemically inactive, but chemically well-
defined MOF nanocrystal into a nano-composite of Co®/CoOy em-
bedded in nitrogen-doped graphitic carbon (CoN/C; Scheme 1).
The cobalt-based ZIF-67 was specifically chosen due to its advan-
tages: (i) it self-assembles at ambient conditions; (ii) it has the
ability to nucleate on modified carbon surfaces; (iii) it can be used
as a porous ‘sacrificial’ template for deriving a cobalt and nitrogen
co-doped carbon composite with high structural stability and
electrocatalytic activity ['S); (iv) it has a molecular well-defined
crystal structure ['®! which allows for semi-quantitative analysis of
the intrinsic electrocatalytic activity of the resulting CoN/C
nanocomposite particle.

The synthesis protocol of the ZIF-67 nanocrystals was adapted,
following (see Supplementary Section 1).['1 Comparison of the
powder X-ray diffraction (PXRD) spectra with a simulated XRD
pattern of the sodalite-type ZIF-67 crystal structure confirms the
structural identity and phase purity of the as-synthesized ZIF-67
nanocrystals (Fig. S1). The carbon nanoelectrodes (CNE) were
fabricated using an automated pyrolysis set-up (Fig. S2),['®! by
pyrolytic decomposition of a butane/propane mixture inside puIIed
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quartz capillaries. Scanning electron microscopy (SEM) indicate
that the orifice of the as-prepared nanoelectrodes ranges
between 250 and 270 nm in diameter (Fig. S3). The tip of the CNE
was further trimmed using a focused ion beam (FIB) to expose a
solid carbon disk, as envisaged for the ZIF nuclei attachment and
growth (Fig. S4). This additional treatment allows uniform tuning
of the diameter of the CNE orifice to 500 to 600 nm, which was
found to be optimal for the growth and attachment of ZIF-67
nanoparticles (Supplementary Section 2.2). Initial experiments
performed using FIB-trimmed CNEs indicate that ZIF-67 nanopar-
ticles prefer to grow on the insulating quartz surface of the CNE
rather than on the carbon disk (Fig. S5). The hydrophilicity and
surface roughness of the silica layer apparently outcompete the
carbon disk in providing nucleation sites for the ZIF-67 nanopartic-
les. In order to induce nucleation of ZIF-67 on the CNE surface, it
was electrografted with terminal carboxylic groups using reductive
deposition of the diazonium salt of 4-amino benzoic acid (Fig.
1a)." Electroreduction of the diazonium cations at the CNE sur-
face and diazotization were indicated by the reduction wave in the
corresponding voltammograms. In all cases, one voltammogram
in the potential range from 0 to -0.6 V (vs. Ag/AgCI/3 M KCl) at 50
mV s sufficed to diazotize the CNE surface (Fig. S6). Disap-
pearance of the reduction wave during the consecutive scan
confirmed surface blocking by the first deposited layer.?% To
maximize electrostatic interactions of the carboxylic groups with
the Co?* ions from solution, the diazotized CNE (termed f-CNE)
was activated by deprotonating the carboxylic groups in a dilute
solution of KOH (1 mM). The activated f-CNE was dipped into a
methanolic solution containing the ZIF-67 precursors for 8 min, to
facilitate the nucleation and growth of a ZIF nanoparticle on the
CNE surface (Fig. 1b).
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Figure 1. (a) Schematic illustration of the functionalization of a CNE: (i) diazotization of 4-amino benzoic acid; (ii) electroreduction of the diazonium salt; and (iii)
electrografting of the carboxylic groups onto the carbon disk. (b) Steps involved in nucleation and subsequent growth of ZIF-67 nanoparticle on f-CNE.
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Growth of ZIF-67 nanoparticles on the f-CNE (ZIF-67@f-CNE)
was monitored using SEM (Fig. S7b). Importantly, the diazotized
CNE only supports the growth and attachment of the ZIF-67 nuclei
and does not attach pre-formed ZIF nanoparticles dispersed in
solution (Fig. S8).

The f-CNE with attached single ZIF-67 nanoparticle was in-
vestigated by means of transmission electron microscopy (TEM)
using a specifically designed nanoelectrode holder (Fig. S9). TEM
revealed an about 400 nm sized ZIF-67 nanoparticle connected
to the carbon disk of the f-CNE (Fig. 2b). Energy-dispersive X-ray
spectroscopy (EDX) reveal homogeneous distribution of the ZIF-
67 constituting elements throughout the particle (Fig. S10). Ele-
mental TEM-EDX maps differentiate the outer silica cover of the
glass sheath from the underlying carbon surface (Fig. 2c). Given
the integrity of the electrode architecture throughout the TEM
analysis controlled pyrolysis of the attached ZIF-67 nanoparticle
was performed. The ZIF-67@f-CNE was pyrolyzed under a
counter-flow of argon (99.999 % purity, 50 mL min™" flow rate) at
850 °C using a controlled heating profile (Fig. S11).

The thermally treated ZIF-67 @f-CNE (CoN/C@CNE) was re-
introduced into the TEM to visualize the changes induced by
pyrolysis. TEM images confirmed the intactness of the nano-
assembly, with the composite retaining the rhombic dodecahedral
morphology of the parent ZIF-67 crystallite (Fig. 2d). EDX maps
revealed heterogeneity within the composite, with Co dispersed
throughout the graphitic carbon scaffold (Fig. 2e) and nitrogen
being uniformly distributed within the carbon matrix (Fig. S12).
The nanostructured composite largely comprises of a distorted
carbonaceous matrix with Co nanoparticles in the 5 to 30 nm size
range embedded inside graphitic carbon domains (Fig. 2f). Lattice
fringes with an inter-planar spacing of 0.204 nm correspond to the
(111) planes of the metallic Co crystal structure, while lattice
fringes with an inter-planar spacing of 0.344 nm correspond to the
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(002) planes of graphitic carbon.? IL-TEM revealed =29%
volume shrinkage, possibly due to coalescence of Co centres and
loss of organic material during pyrolysis (Fig. S13).22 Preserva-
tion of the structural integrity of such a nano-assembly was
verified multiple times to ensure reproducibility (Fig. S14).

Retention of the nanoparticle at the CNE tip after pyrolysis is
important to allow evaluating single nanoparticle electrocatalysis.
The OER activity is remarkably influenced by the local OH" con-
centration, interfacial O, supersaturation and subsequent shiel-
ding of active sites at the catalyst surface by O, gas bubbles under
macroscopic conditions.?® One CoN/C@CNE nanoparticle was
evaluated for OER electrocatalysis in 0.1 M KOH (Fig. 3c). A thin
Cu wire was used to electrically contact the CoN/C@CNE nano-
assembly and to evaluate its OER activity in a potential window to
up to 1.8 V (vs. RHE), at a high scan rate of 200 mV s and low
electrolyte concentration to avoid or minimize excessive carbon
oxidation, which was otherwise observed to erode the composite
during slow voltammetric scans in higher concentrated electrolyte
(Fig. S15). Upon anodically sweeping the potential at 200 mV s™,
the CoN/C@CNE exhibited low capacitive currents followed by an
increase in the catalytic current (Fig. 3e). The OER activity was
reproducible during the subsequent voltammetric scans. A blank
test using a bare diazotized CNE (diameter 670 nm) without any
ZIF-67 modifications (Fig. S16) exhibited negligible catalytic acti-
vity (Fig. 3e). Thus, the electrocatalytic activity recorded for
CoN/C@CNE can be solely attributed to the catalytic response of
the single particle nano-composite.

The nano-assembly’s remarkable stability allows investigating
the structural properties of the nano-composite particle in the
aftermath of electrochemical measurements. The post-electroca-
talysis TEM images (Fig. 3f) clearly demonstrate that the com-
posite undergoes drastic restructuring as the Co ions agglome-
rate within the nano-composite matrix during the OER (Fig. 3g).

Figure 2. (a) Setup used for pyrolysis of the ZIF-67@f-CNE nano-assembly. (b) TEM image of the ZIF-67@f-CNE nano-assembly and (c) corresponding EDX
elemental intensity maps. (d) TEM image of the resulting CoON/C@CNE nano-assembly and (e) corresponding EDX elemental intensity maps. (f) Representative

TEM image of a Co-C (core-shell) nanoparticle embedded inside a CoN/C matrix.
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Figure 3. (a) TEM image of the ZIF-67@f-CNE nano-assembly and (b) EDX
maps. (c) TEM image of the CoN/C@CNE nano-assembly after pyrolysis and
(d) corresponding EDX maps. (e) Cyclic voltammograms recorded using the
CoN/C@CNE nano-assembly in 0.1 M KOH at 200 mV s™'. (f) and (g) post-
electrocatalysis TEM images of CoN/C@QCNE, and (h) corresponding EDX
maps.

Importantly, the nearest neighbor composite particles (on the
silica surface) remain unaffected by the electrochemical test
thereby confirming that these particles did not participate in the
electrochemical response (Fig. S17). The presence of electrolyte
residues (K*) throughout the particle suggests an unrestricted
diffusion of the electrolyte within the porous matrix during electro-
catalysis (Fig. S18). Post-electrocatalysis EDX analysis of the
nano-assembly indicates retention of the outer protective quartz
sheath (Fig. S19). IL-TEM images of the pyrolyzed composite
nanoparticle also validate the ‘sacrificial’ template nature of ZIF-
67 nanocrystals.? Estimating the geometric surface area of the
nano-composite after considering its mode of attachment on f-
CNE (Fig. S20, detailed calculations in Supplementary Section 8),
suggests that the nano-composite exhibits extremely high OER
rates in 0.1 M KOH, attaining a current density of 230 mA cm2 at
1.77 V (vs. RHE). Measuring such high current density at industri-
ally relevant conditions is practically unattainable using macro-
electrodes. Combining the information from the simulated ZIF-67
crystal structure, TEM/STEM images of the CoN/C nano-assemb-
ly and the electrochemical study, the amount of Co atoms within
the composite matrix is estimated to be 1.66 x 10" mol (Fig. S21,
detailed calculations in Supplementary Section 9).The turnover
frequency (TOF) of the nano-composite particle is calculated
based on the assumption that the Co atoms are the active OER
sites. At an overpotential of only 0.4 V, the derived TOF for the
OER at the ‘single-entity’ composite particle (4.09 s™) is almost
twice that of monodispersed Co nanoparticles on a carbon sur-
face (2.13 s™), considering that only the surface Co atoms in the
monolayer participate in the OER.?1 A TOF of 4.09 s is a con-
servative estimation, as it assumes that all Co atoms participate
in the OER. The MOF-derived nanoparticle exhibits an
exceptionally high TOF of 29.7 s at an overpotential of 0.54 V,
which corroborates the reaction platform provided by the
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nanoelectrode devoid of contributions from ensemble and film
effects. Strikingly, the TOF calculated using TEM/STEM images
well agrees with that obtained using the simulated ZIF-67
structure (31.01 s'). The enhancement in the TOF value
highlights the importance of determining the intrinsic activity of an
electrocatalyst using such nano-assemblies. Post-
electrocatalysis elemental analysis revealed agglomeration of the
Co ions within the composite matrix (Fig. 3h). The distinct pattern
of cobalt agglomeration inside the composite matrix and the
presence of Co residues on the CNE surface suggest that the
movement is largely influenced by the hemi-spherical diffusional
flux which drives the relocation of the Co ions as they are
subjected to oxidation and re-precipitation equilibria as Co
hydroxide/oxyhydroxide species.?5-26l

In summary, we report an unprecedented approach toward
understanding the electrocatalytic behaviour of single nanopar-
ticles without interference of ensemble and film effects. The
scheme of study underpins the potential of such architectures in
establishing fundamental electrocatalytic parameters of nanopar-
ticles and structure-property relationships free of macroscopic film
effects. Besides the possibility to access fundamental electroca-
talytic properties of the nanoparticle, these nano-assemblies can
also serve as a powerful platform to study reactions involving
variations in the local electrode-electrolyte environment, which is
practically inaccessible when using macroelectrodes.
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COMMUNICATION

Electrocatalysis at the tip. A unique
‘particle at the stick’ approach is em-
ployed to extract the intrinsic catalytic
activity of a single ZIF-67-derived
Co/N-doped carbon nano-composite
under industrially relevant OER condi-
tions. Identical location-TEM analyses
of the nano-assembly offers insight into
structural transformations within the
nanoparticle during the pyrolytic activa-
tion process and after electrocatalytic
activity measurement at extremely high
oxygen evolution rates.
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