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Pyrolyzed cobalt hexacyanocobaltate dispersed on
reduced-graphene-oxide as an electrocatalyst of
the oxygen reduction reaction in an alkaline
mediumt
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Described is the development of a unique electrocatalytic material prepared by heat-treating a composite
of a Prussian blue analogue, cobalt hexacyanocobaltate, and immobilizing it on reduced graphene oxide
(rGO). The pyrolysis process, heating at 500 °C, forms a material with catalytic cobalt centers that are
active toward the electrochemical oxygen reduction reaction in alkaline media. Physicochemical
properties of this material containing cobalt in different oxidation states have been elucidated using
transmission electron microscopy, Raman spectroscopy, X-ray photoelectron spectroscopy, and various
electrochemical diagnostic techniques. Experimental results have shown that this material displayed
comparable electrocatalytic activity (e.g., onset potential) toward the oxygen reduction reaction in
alkaline media to that of Vulcan-supported platinum nanoparticles. Formation of undesirable peroxide
species, as demonstrated by monitoring ring currents during rotating ring-disk electrode measurements,
was somewhat higher at the pyrolyzed cobalt hexacyanocobaltate on rGO than with platinum
nanoparticles on a carbon black support; however, even in the worst case, these values were below 15%,
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Introduction

The oxygen reduction reaction (ORR) is a bottlenecking process
in the development of various electrochemical devices, espe-
cially fuel cells and air batteries. The preparation of non-
precious-metal materials to serve as cost-effective catalysts of
the ORR was an objective of numerous studies. These materials
include conductive-polymer-based complexes (pyrolyzed and
non-pyrolyzed), non-pyrolyzed transition metal macrocycles,
metal oxide/carbide/nitride, and metal/nitrogen/carbon.*™
Ideally the ORR is a four-electron transfer accompanied by
four protons to form water; however, even when using highly
efficient catalytic systems such as Vulcan-supported Pt
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which demonstrates a high activity of cyanide-bridged cobalt sites.
electrocatalytic material exhibits high stability and tolerance to alcohols such as methanol.

This thermally prepared

nanoparticles, intermediate species are produced, especially
hydrogen peroxide in acidic media or peroxide ions in alkaline
media."*** Alkaline media have gained attention for the ORR
because of a lower overpotential and a less corrosive environ-
ment relative to acidic media. They also result in a less
pronounced crossover effect in alcohol fuel cells.**'*'” More-
over, alkaline media are compatible with non-precious-metal
candidates for ORR catalyst such as nitrogen-coordinated
compounds of metals (e.g. Fe, Co, Ag, Au, Mn), transition
metal oxides, and metal-free carbon based systems."**

It is commonly accepted that three active-site structures are
primarily responsible for the activity of non-precious metal
catalysts, namely nitrogen-coordinated transition metal sites,
metal-free carbon structures containing CN,, and iron species
encapsulated in a carbon structure.*®* Among the compounds
that have such structures are metal-hexacyanometallates; they
are the series of compounds comprised of Prussian blue, PB
(iron(u) hexacyanoferrate) and its transition metal analogues,
M;(M,CN) where M; and M, can be the same or different
metals.>”~*° A network that is common to most of the PB series is
a three-dimensional, face-centered cubic lattice. Here, one
metal ion is octahedrally coordinated by the nitrogen of the
cyano group, and the second metal ion is octahedrally

This journal is © The Royal Society of Chemistry 2023
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coordinated by the carbon. The positively charged metals at the
cube center are charge-balanced by counter-ions (e.g. potassium
ions). The open-framework structure and electrical conductivity
of hexacyanometallates contributes to their use as precursors in
the design of electrocatalysts that are free of platinum-group
metals.*"™*

Hexacyanometallates films on electrodes were initially
investigated as electron-transfer mediators, but their efficacy as
electrocatalysts was enhanced by electrochemical conversion to
mixed-valent compounds with centers for both electron and
oxygen transfer.***” The resulting films have been applied
widely, especially for the electrocatalytic oxidation of organic
compounds such as insulin.*®*** These analytical applications
used a RuCl;, K,Ru(CN)e mixture for electrode modification, the
cost of which was not a factor for electrode areas used in
analysis; however, for applications to batteries and fuel cells,
a more cost-efficient means of synthesizing these films is
desired.

Recently, pyrolysis of compounds in the PB series on con-
ducting supports was tested as a method to produce materials
with properties amenable to application as electrochemical
catalysts.*****4%° The hypothesis of the present study is that the
combination of adsorption of a PB analogue on a high surface
area support followed by pyrolysis will yield a material that can
be applied as an electrocatalyst of the oxygen reduction reac-
tion. Cognizant of the potential importance of both the selec-
tion of the support and the identity of the metal centers, the
hypothesis was tested with cobalt hexacyanocobaltate in
combination with a reduced graphene oxide (rGO) support.
Among important issues is feasibility of the coexistence of both
carbon- and nitrogen-coordinated cobalt (rather than iron)
active sites at the electrocatalytic interface. Indeed, recent
studies with use of N-C core-shell nanocages and Co-N-C
metal-organic frameworks showed that cobalt coordinated by
nitrogen or carbon resulted in a material rich in exposed cata-
lytic sites with a high surface area and a high electrical
conductivity."®** A cobalt-substituted PB analogue, cobalt hex-
acyanoferrate, immobilized on carbon black (Vulcan XC-72) was
previously used after heat treatment by Sawai et al. to enhance
the ORR.>*** To our best knowledge, there was no attempt so far
to utilize well-defined cyanocobaltate polynuclear network as
a source of unique and distinct cobalt centers for ORR. In the
present study, reduced graphene oxide (rGO) has been selected
as the support because of its potential to improve efficiency of
the electron transport as well as the recognized utility as
a carrier for immobilization and distribution of catalytic
nanocenters.>>°

Experimental

The chemicals were reagents of analytical grade; they were used
as received. Potassium sulfate, 2-propanol, cobalt sulfate,
potassium hexacyanocobaltate(mr), 5 wt% Nafion™ solution,
and reduced graphene oxide (rGO) were from Sigma-Aldrich.
The reference catalytic material, 20% Pt/Vulcan nanoparticles,
was from Premetek, and the gases, nitrogen and oxygen (purity
99.999%), were purchased from Air Products (Poland). All
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solutions were prepared using triply distilled and deionized
water.

The rGO modified with Co(u) hexacyanocobaltate (CoHCN-
Co@rGO) was produced by first mixing 50 mg of rGO with 5 cm?
of 0.01 mol per dm CoSO, and placing it in an ultrasonic bath
for 30 min to get an aqueous dispersion. Next, 5 cm® of aqueous
K3[Co(CN)s] (0.01 mol dm ™) was introduced, and the slurry was
stirred continuously for 12 h. The resulting suspension was
centrifuged and washed several times with water. Finally, the
separated solid was dried at approximately 50 °C to yield
CoHCNCo@rGO. Considering the amount of rGO and
CoHCNCo utilized during synthesis as well as accounting for
the structure of the precipitate, the content of Co in the sample,
CoHCNCo@rGO, was estimated as 20% by weight. The powder
was placed in a quartz tube and pyrolyzed under an argon
atmosphere at 500 °C for 2 h. The choice of 500 °C was based on
the current-voltage curves for the reduction of O, obtained at
rotating disk electrode where the COHCNCo@rGO component
was treated at 300 °C, 500 °C and 900 °C (Fig. S1t); the blank
was not pyrolyzed. The diagnostic parameters were the current
density and the half-wave potential. The data in the Results and
discussion section suggested the abbreviation of the product of
pyrolysis at 500 °C as NCoC@rGO.

To produce catalytic inks, a measured amount, typically
10 mg, of NCoC@rGO was suspended in a mixture of 1 cm > of
2-propanol and 0.015 cm? of the 20% by weight Nafion solu-
tion, which served as the solvent and binder, respectively. The
ensuing ink was mixed in an ultrasonic bath for 30 minutes,
after which it was magnetically stirred for 24 h to obtain
a homogeneous suspension. Subsequently, a 0.002 c¢m>
aliquot was placed on the surface of glassy carbon disk elec-
trode (GC) and was air-dried at room temperature. The typical
catalyst load on the surface was 200 pg cm > Finally, the
resulting films were activated by applying voltammetric poten-
tial cycles from 0 to 1 V at 50 mV s~ in 0.1 mol per dm KOH
under nitrogen until stable current responses were obtained
(typically about 30 scans).

The electrochemical experiments were carried out with a CH
Instruments (Austin, TX, USA) model 760E workstation.
Rotating ring-disk electrode (RRDE) experiments were with an
assembly (RRDE-3A ver. 2.0) from ALS Co., Ltd, Japan. The disk
was glassy carbon (geometric area 0.197 cm ™), and the ring was
Pt. In all experiments, a mercury/mercuric oxide electrode (Hg/
HgO) with a potential that was 98 mV more negative than the
reversible hydrogen electrode (RHE) was used as a reference
electrode. Before voltammetric experiments the potential of the
reference electrode was calibrated relative to a RHE in the same
supporting electrolyte. Herein, all potentials are reported vs. the
RHE. A carbon rod was used as counter electrode to avoid any
contamination from platinum. The glassy carbon bases were
polished with successively finer grade aqueous alumina slurries
(grain size, 5-0.05 pm) on a Buehler polishing cloth.

The RRDE was characterized by the collection efficiency (&),
which is determined as the ratio of the ring-to-disk currents at
various rotation rates.”” Based on five independent measure-
ments with the Fe(CN)s> /Fe(CN)g*~ couple as the electroactive
system and with rotation rates up to 2500 rpm, N was 0.43.

J. Mater. Chem. A, 2023, 11, 7286-7298 | 7287
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During the RRDE experiments in oxygen saturated solutions,
the potential of the ring electrode was kept at 1.2 V (vs. RHE). At
this potential, peroxide ions that are formed at the disk are
oxidized and quantified at the Pt ring. Each linear sweep vol-
tammetry (LSV) curve at the RRDE was recorded at a scan rate of
10 mv s~

All current densities presented herein were calculated with
respect to the geometric surface area of the working electrode.
The electrochemical measurement were performed either after
deaeration with nitrogen or in an electrolyte saturated with
oxygen using a 30 min sparge. Following this step, nitrogen (or
oxygen) flow over the electrolyte was maintained. All experi-
ments were conducted at room temperature (22 £+ 1 °C).

Thermogravimetric analyses (TGA) were done on a TA
instruments Q50 thermal gravimetric analyzer under an inert
atmosphere (high purity nitrogen). The profiles were obtained
by depositing on a TGA pan a sample of ca. 5 mg of COHCNCo
powder that was dried at 25 °C; a scans over the range, 25 °C to
900 °C at 5 K min~" were recorded. The X-ray diffraction
experiments used a Bruker D8 discover diffractometer with a Cu
anode (1.5406 A) source, a Goebel focusing mirror, and a Lyn-
xEye detector. The basic phase analyses were performed in
Match software using the Crystallography Open Database (COD)
with calculated diagrams based on single crystal structures
corresponding to the following phases: KCo[Co(CN)e]-H,0,*®
Co,C and Co,N,*** K;3[Co(CN)g].*

Samples for TEM measurements were prepared by placing
drops of the diluted CONC@rGO suspension onto the TEM grid,
which had a Formvar film (Agar Scientific). The TEM images
were taken on a Talos F200X HRTEM microscope equipped with
a four-detector, super-EDS systems (FEI). Several locations on
each sample were targeted to ensure that the outcomes were
representative. The nitrogen adsorption/desorption isotherm
was measured with a Micromeritics ASAP2060 instrument. The
surface areas of the of NCoC@rGO was determined using the
Brunauer-Emmett-Teller (BET) method. Pore sizes and
volumes were evaluated using the Barrett-Joyner-Halenda
(BJH) method. The average grain sizes of NCoC@rGO were
estimated based on an assumed powder density of 2.0 g cm >,
Raman spectra were obtained with a DXR Raman spectrometer
(Thermo Scientific) equipped with a 50x/NA 0.75 objective and
a laser set at 532 nm. Sample spectra were obtained from
various surface locations to evaluate sample uniformity. X-ray
photoelectron spectroscopy (XPS) images were collected with
a Keratos Axis Supra (Keratos, UK) spectrometer equipped with
a nonmonochromatic Al Ka source. The peaks fitting was done
with Casa XPS software (version 2.3.18) on a Shirley background
using the Gaussian-Lorentzian function.

Results and discussion
Pyrolysis of cobalt hexacyanocobaltate

The primary goal was to test the hypothesis that pyrolysis of the
cobalt analogue of PB will yield a material with catalytic prop-
erties emulate those of well characterized materials formed by
electrochemical conversion of the PB.* Initially, the thermal
conversion of COHCNCo@rGO was monitored by TGA, and the
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characteristics of the resulting material were elucidated by
spectroscopy. Fig. S2f illustrates the mass vs. temperature
profile of the starting material, COHCNCo@rGO. An initial mass
loss occurred below 180 °C. This loss, ~11%, was attributed to
desorption of water. Increasing the temperature to 280 °C
resulted in an additional mass decrease of 1 wt%, which was
ascribed to the elimination of coordinated water. It is note-
worthy that the CoOHCNCo core was thermal stabile up to 280 °C.
At 300 °C, pyrolysis of the COHCNCo occurred. The product,
which is labelled NCoC@rGO, was thermally stable up to 800 °C.
Its mass was 45% of that of the starting material. Unless other-
wise stated, an intermediate temperature of 500 °C was used to
pyrolyze the COHCNCo@rGO in subsequent experiments.

The general characterization of the structure of the pyrolyzed
material was by XRD. The crystallinity of the starting material,
CoHCNCo, was compared to that of the NCoC@rGO formed at
500 °C (Fig. 1). The XRD pattern of COHCNCo (Fig. 1a) gave the
following diffraction peaks: 17.37, 24.68, 35.21, 39.54, 43.55,
50.54, 53.94, and 56.95° 26. They were attributed to (200), (202),
(400), (402), (422), (404), (600), and (602) reflections, respec-
tively. These results validated the presence of COHCNCo nano-
structures (JCPDS no. 77-1161).

The diffractograms for the pyrolysis product NCoC@rGO
(Fig. 1b), were different from those of the precursor. Its XRD
pattern has a strong, broad peak at 25.0° 26 that is from the
(111) reflection plane of graphene sheets. In addition, the
spectrum had peaks at 37.15, 40.95, and 45.34, and 56.74 20,
they correspond to the (100), (002), (101), and (102) lattice
planes of the Co,N phase (COD 96-152-8415). The small peaks at
36.92, 40.56, 42.68, 44.53, and 58.80° 26 are related to (101),
(020), (111), (210), and (121) planes of the Co,C lattice (JCPDS
65-1457).°> The XRD pattern of NCoC@rGO also gave peaks at
29.85, 30.91 and 43.54 26, which correspond to the reported
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Fig.1 X-ray diffraction patterns for (a) CoHCNCo and (b) NCoCa@rGO.
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values of K,SO, (COD 96-210-1320), a salt present in the solu-
tion in which CoHCNCo was prepared. They also are observed
with non-pyrolyzed samples. Overall, the XRD spectrum of
NCoC®@rGO confirmed the formation of Co,C and Co,N bonds
during pyrolysis. The XRD spectra are consistent with a face-
centered cubic structure of CoHCNCo. When the cobalt
species were in the form used in the electrocatalysis experi-
ments, NCoC, the peaks were broader than those of COHCNCo,
which suggests a decrease in particle size upon heat treatment.

View Article Online

Journal of Materials Chemistry A

In summary, pyrolysis at 500 °C directly affected the structure
and crystallite size of the chemically prepared COHCNCo.
Given their importance to the active area of the electrode
surface in the electrochemical application, the specific surface
area and the pore size distribution of NCoC@rGO and of its
separate components were investigated using N, adsorption/
desorption isotherms (Fig. S31). All of the plots had a hyster-
esis loop, which is consistent with Brauner's type II isotherms.
According to the IUPAC classification, such shapes further

100 nm
=

500 nm

Fig. 2 Typical HR-TEM images of NCoC@rGO. (a) High magnification, (b) low magnification, (c) HAADF pattern and (d—f) corresponding

elemental mappings.

This journal is © The Royal Society of Chemistry 2023
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indicate type-H3, slit-shaped pore geometries.** Perhaps more
important, the BET data show that pyrolyzing COHCNCo@rGO
at 500 °C increases the specific surface area by more than five-
fold relative to the starting material. In this regard, the
CoHCNCo (dried at temperatures below 50 °C) has a specific
surface area of 24.31 & 0.04 m? g~ *; for rGO alone, it was 34.16
+ 0.1 m* g~ %; and for NCoC@rGO, it was 141.77 & 0.4 m*> g~ .
Pyrolyzing the COHCNCo and rGO separately resulted in specific
active surface area of 112.43 £ 0.06 m> g ' and 54.13 =+
0.07 m* g7, respectively. Hence, the increased specific surface
area of NCoC@rGO relative to the starting materials is
predominantly due to the thermal effect on the CoHCNCo
component rather than on the rGO. The surface area of
CoHCNCo increases more upon pyrolysis when it is on rGO
than when it is a single component.

From N, adsorption/desorption experiments, pore size and
pore volumes distributions varied over a wide range for the
sample types in Fig. S4.1 The pore size ranges for NCoC@rGO
were 0.8-0.9 nm and 2-4 nm. For COHCNCo there were three
ranges, namely 0.6-0.9 nm, 2-3 nm, and 20-40 nm. Pore
volumes ranges for NCoC@rGO and CoHCNCo were deter-
mined likewise. They were 0.295 and 0.097 cm?® g for
NCoC@rGO whereas the values were 0.0456 and 0.0073 cm® g~ %,
respectively, for CoHCNCo. The pore diameters were 1.7-
300 nm for COHCNCo and <1.7 nm for NCoC@rGO. Because the
signal-to-noise ratio decreases as the pore diameter increase,
the upper level of 300 nm is an estimate with the instrumen-
tation used. Based on these BET data, the average grain size for
NCoC®@rGO was 21 nm and that for COHCNCo 120 nm. Overall,
the BET results demonstrated that the pore characteristics of
NCoC@rGO relative to the non-pyrolyzed material are more
favorable to electrochemical cell performance because the
structure provides more pathways for mass transport within the
layer on the electrode and greater populations of catalytic
centers for a given geometric area of the electrode.

The morphology of NCoC@rGO also was examined also
using HR-TEM and STEM (Fig. 2). These images indicated that
NCoC@rGO contained sheets of rGO co-existing with NCoC
nanostructures (dark spots). Fig. 2a also shows that the NCoC
nanostructures are spherical and highly dispersed. The average
size of NCoC particles estimated from HR-TEM images was 17—
28 nm, which agrees with the BET results.

Spectroscopic characterization of the pyrolysis product

The physicochemistry of NCoC and rGO was further studied by
Raman spectroscopy (Fig. 3). The spectra of bare rGO (Fig. 3a)
depicted two well-defined peaks at 1338 ecm ™ * and 1574 cm ™ ?,
which correspond to its D and G bands.* They relate to vibra-
tions at the edges of graphene sheets and vibrations inside
a graphene layer, respectively. That is, the D band is associated
with defects in the graphitic structure, whereas the G band
corresponds to orderly arranged graphite skeletons in rGO. The
ratio of the D to G band intensities, Ip/Is, reflects the degree of
surface defects in graphene-based materials. The I/I ratios for
rGO and NCoC@rGO were 1.32 and 1.19, respectively. The
similar of these ratios indicates that the pyrolysis process does

7290 | J Mater. Chem. A, 2023, 1, 7286-7298
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not significantly affect the basic structure of rGO, but the
pyrolytic formation of NCoC@rGO does cause some interaction
between the rGO and the cobalt species. In this regard, the D
and G band positions show a red shift in the peak positions for
rGO as a result of the pyrolysis. The Raman spectra of
NCoC@rGO (Fig. 3c) do not display strong vibrational bands in
the range 2050 cm ' to 2200 cm™'; however, bands in this
region are clearly visible in the spectra of COHCNCo (Fig. 3b).
This set of bands is due to CN stretching.®®®” Their presence
supports the model of a mixed oxidation state of cobalt in
CoHCNCo.% In addition, bands at 456 cm ™' and 489 cm ™! in
the spectrum of NCoC@rGO are observed, they probably origi-
nate from the CoC (A;; and Eg) and Co-CN (F,g) vibration
bands.” Finally, in the lower energy region, a band is present at
227 em™ . This signal is likely related to the F,, symmetry mode
and C-Co-C deformation. These assignments agree with the
XRD analysis. Overall, the Raman data support the hypothesis
that pyrolysis of this Prussian blue analogue yields a material
structurally related to that prepared by the electrochemical
procedure.*””*

Further investigation of the influence of pyrolysis on
CoHCNCo was by ex situ XPS surface analysis. First, spectra of
NCoC@rGO and of CoHCNCo in the absence of rGO were ob-
tained (Fig. S5At). The initial step in the interpretation was to
correct for shifts in the position of the binding energy due to
sample charging; the shifts were quantified using the 2s
potassium signal (NIST X-ray photoelectron spectroscopy data-
base) as the standard. The survey spectrum (Fig. S5At) of
NCoC@rGO and CoHCNCo powders indicated the presence of
cobalt (793 eV), nitrogen (N 395 eV), carbon (C 281 eV) and
oxygen (O 528 eV). Second, the effect of pyrolysis at 500 °C, was
determined. The data were consistence with the evidence of

Intensity / a.u.

a

1 v 1 I 1 1 1 v
500 1000 1500 2000 2500 3000 3500

Raman shift / cm™

Fig. 3 The Raman spectra of (a) rGO, (b) CoHCNCo and (c)
NCoCa@rGO.

This journal is © The Royal Society of Chemistry 2023
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pyrolytic changes of the chemical structure and related bonding
of cobalt discussed above. The XPS peaks related to Co 2p are
shifted to a lower binding energy by the thermal treatment.
Comparing the Co 2p region (Fig. 4a and b) for NCoC@rGO and
CoHCNCo shows a distinctive spin-orbital splitting of Co 2p,3
and Co 2p,, bands with the centers at 779 eV and 794 eV,
respectively. The XPS spectrum of NCoC@rGO has shake-up
satellites peaks at the high binding energy side. These peaks
are consistent with the above hypothesis of mixed oxidation
states of cobalt that resulted from Raman spectroscopy (Fig. 3c).
From Fig. 4, XPS results are consistent with the presence of
Co(u), but there also is evidence of Co(m). In this regard, the
suggested formation of Co(m) during pyrolysis is supported by
the low intensity of satellites peaks for Co 2p;/, when the final
product was the interrogated sample. The mixed oxidation
states of Co after the pyrolysis step are analogous to the those of
material formed by electrochemical processing of the ruthe-
nium analogue of PB.*” It should be noted that when the

1 Co%Co,N (778.41 eV) a
2 CoC, (779.51 eV)
3 Co?* (780.61 eV) 3

4 Co* (782.01eV) /
5 sat. (784.91 eV)

6 sat. (789.51 eV)

Intensity / a.u.

T T T T T T 1
804 776
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materials is used in electrochemical experiments, the oxidation
states of cobalt sites are dependent on the applied potentials.
Whereas the finding of mixed oxidation states of cobalt in
NCoC@rGO is the XPS result of most importance for hypothe-
sizing its electrocatalytic properties, two other structural
features were identified. The peak at 779.5 eV is related to Co-C
bonding and is indicative of formation of Co,C,>*"”> and the
778.4 eV peak is consistent with the presence of a cobalt nitride
component.””” The latter, mainly Co-N bonding, has an
almost identical atomic structure to metallic cobalt; the differ-
ence is a slightly greater distance between the cobalt atoms due
to the presence of nitrogen in the center of the unit cell.”*°
The N 1s band (Fig. 4c) was to attributed to the following
species: pyridinic N (399.1 eV), Co-N (399.9 eV), graphitic-N
(401.4 eV), and oxidized graphitic-N (404.1 eV). The 399.1,
399.9, and 401.4 eV peaks confirm the linking of cobalt with
nitrogen, which is important in the ORR process.** The pres-
ence of pyridine-related nitrogen is important because it can

1.Co°(778.49 eV) b
2 Co?* (780.69 eV)

3 Co* (782.09 eV)

4 sat. (784.99 eV) 2
5 sat. (787.49 eV)
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T T T T T T T

T
804 800 796 792 788 784 780 77

800 796 792 788 784 780
Binding energy / eV Binding energy / eV
1 pyridinic-N (399.1eV) N1s 1 c 1 Co-C (283.7 eV) C1s d
2 Co-N, (399.9 eV) 2 C-C (284.7 eV)
3 graphitic-N (401.4 eV) 2 3 C-0 (286.2 eV) 2
4 oxidized-N (404.1 eV) 4 0-C=0 (288.8 eV)
3
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3
£
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Fig.4 XPS analysis of the Co 2p region of (a) NCoC@rGO and (b) CoHCNCo. Also shown are (c) N 1s and (d) C 1s spectra for NCoC@rGO catalyst

sample.
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interact with Co(un) and Co(m).**** The C 1s spectrum of
NCoC@rGO (Fig. 4d) is characterized by peaks that are centered
at 284.7 (C-C), 286.2 (C-0), 288.8 (O-C=0), and 283.7 (Co-
C) eV.** Confirmation of the presence of carbide and nitride
forms is supported by the results in Fig. 4a and c, namely CoC,
at 283.6 eV (ref. 85) CoN, at 399.9 eV.”*7>%*% These data agree
with the XRD results. It is noteworthy that the existence of MN,,
(where M is Co or Fe) previously has been postulated for the
various N-coordinated systems after pyrolysis.****

Electrocatalysis of the oxygen reduction reaction

Electrochemical studies confirm that pyrolysis is a practical
method for preparation of a material, NCoC@rGO, for electro-
catalysis of the ORR. Fig. 5 illustrates a comparison of ORR
currents obtained at a rotating glassy carbon (GC) disk electrode
modified in separate experiments with rGO, CoHCNCo, and
NCoC@rGO. The modifications were performed by evaporation
of suspensions of these materials in Nafion-containing liquids
on the GC surface. The voltammetry was performed in O,-
saturated 0.1 mol per dm KOH. The plateau in the current-
voltage curve for the ORR at the NCoC@rGO-modified electrode
was higher by a factor 10 at 0.4 V relative to that with CoHCN-
Co@rGO as the electrode modifier. At 0.4 V, modification of the
glassy carbon with the suspension of rGO alone did not yield
a surface at which oxygen reduction occurred. These data
support the proposition that mediation of the ORR by the Co(u)/
Co(ur) couple of NCoC@rGO occurs.*

The onset potential, Eqnset, 1S @ measure of electrocatalytic
efficiency for application to fuel cells and batteries. The Eqpger
values of the ORR was at an overpotential lower by about
400 mV with NCoC@rGO than with CoHCNCo@rGO as the
modifier (Fig. 5). These values were determined by the method

CoHCNCo
- =rGO
—— NCoC@rGO

jgisc! MA cm™?

01 02 03 04 05 06 07 08 09 1.0
E/V vs RHE

Fig. 5 The RDE voltammograms of rGO, CoHCNCo, and NCoC@rGO
recorded in O,-saturated 0.1 mol per dm KOH solution. Scan rate:
10 mV s~*. Rotation rate: 1600 rpm.
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Fig. 6 Cyclic voltammetric characterization of Pt/C nanoparticles
recorded in O,-saturated (dashed line) and deaerated (solid line)
0.1 mol per dm KOH. Scan rate: 50 mV s%.

proposed by Di Noto,” namely the potential where the current
density is 5% of that of the limiting current. The capacitance
currents are high in both cases because the effective surface
areas of porous films on electrodes are much greater than their
geometric areas. This limitation of potential-scanning meth-
odology is obviated when potentiostatic methodology is
employed because the capacitive current is proportional to scan
rate.

A comparison was made of the Ey,s.c with the NCoC@rGO
modifier to that when commercially available film of Pt nano-
particle supported on Vulcan, Pt/C, served as the modifier
(Fig. 6). At potentials more negative than 0.5 V, the under-
potential formation of adsorbed hydrogen species on Pt/C is
observed, which is typical for the electrochemistry of Pt in
alkaline media.’®*” The similarity of the onset potential with P/
C, which can serve as a benchmark, and with NCoC@rGO as
electrocatalysts of the ORR is indicative of the utility of the
latter. A comparison to literature results shown Table S17
further exemplifies the utility of NCoC@rGO as a catalyst for the
electrochemical reduction of oxygen.

Voltammetry at a RRDE was used to further investigate the
efficacy of NCoC@rGO as an electrochemical catalysts for the
ORR. In this case, the objective was to determine how closely the
number of electrons transferred was to the ideal 4-electron
reduction to water. Here, two methods were used. The relative
currents at the disk electrodes was compared to that when Pt/C
was the catalyst was one method. The second was monitoring
the product of the ORR at the disk electrode by oxidation at the
ring electrode. Here, the relevant fraction of the solution
reaching the ring of the RRDE originates at the disk. These
currents were obtained by scanning the potential of the disk
electrode while the ring electrode that was held at a static
potential.’>  Fig. 7a  exhibits = background-corrected

This journal is © The Royal Society of Chemistry 2023
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(a) Cathodic current—potential RRDE curves at the disk (background subtracted) for oxygen reduction at NCoCa@rGO (solid line), and Pt/C

—1.

nanoparticles (dashed line). Solution, O,-saturated 0.1 mol per dm KOH; scan rate 10 mV s ~; rotation rate, 1600 rpm. (b) Anodic currents at the
ring are measured at 1.2 V for NCoC@rGO (solid line), and Pt/C nanoparticles (dashed line).

voltammograms at the disk electrode; it was rotated at 1600 rpm
and scanned at 10 mV s~ '. The electrolyte was O,-saturated
0.1 mol per dm KOH. The currents at Pt/C and NCoC@rGO-
modified disk electrodes yielded similar values. However,
comparing these cathodic currents is not definitive because the
active areas of the NCoC@rGO- and the Pt/C-modified disks can
differ.

The second of the above methods is based on comparison of
the ring and disk currents using eqn (1). During the voltam-
metry at the disk electrodes (Fig. 7a), the side product of the
ORR, namely HO,, was oxidized at the ring electrode, which
was held at 1.2 V (Fig. 7b). Ideally, for the four-electron reduc-
tion of O, to water, this background-corrected current is zero.
The result in Fig. 7 show that with the NCoC@rGO-modified
disk at 0.6 V, the ring current is 25 pA. The corresponding
ring current with the Pt/C catalyst is 5.1 pA. A qualitative
comparison of these values shows that whereas the Pt/C elec-
trode more closely approaches the ideal result for the ORR, the
NCoC@rGO electrocatalyst for the ORR in the alkaline medium
has merit.

A more quantitative comparison of these catalysts was made
from the RRDE data shown in Fig. 8. The conditions were those
in Fig. 7. The relative concentration of peroxide, X (expressed as
% HO, ), formed during the ORR at the NCoC@rGO-modified
disk was determined by eqn (1).

2 % Iriug

7]\1’ % 100%

ring
Tisk + N

1)

Xy, 01~ =

Here, I, and I are the ring and disk currents, respectively,
and N is the collection efficiency.?® The current values used in
eqn (1) were with the disk electrode at either 0.80 V or 0.65 V and
the ring electrode at 1.2 V. When the disk electrode was

This journal is © The Royal Society of Chemistry 2023

modified with NCoC@rGO, the residual amount of HO, rep-
resented by the ring electrode current were the following: with
the NCoC@rGO-modified disk electrode held at 0.8 V to 0.65 V,
the respective X% values were 9% and 15%. With the Pt/C-
modified disk, the analogous values were 1% and 1.3%.

The number of electrons transferred, n, were calculated with
eqn (2).”

4l gisk )

Irin
Lk + —-

Over the disk electrode potential range, 0.8 V to 0.1 V
(Fig. S67), the value of n over with the NCoC@rGO catalyst,
varied from 3.7 to 3.8, which is about 10% lower than the
analogous results with the Pt/C surface, 3.8-3.9. Whereas these
data are evidence of a somewhat greater side reaction at
NCoC@rGO than at Pt/C, they do not preclude utility of
NCoC@rGO as a catalyst of the ORR; however, further study is
needed.

The identification of the electrocatalytically active sites
produced by the pyrolysis of cobalt hexacyanocobaltate was
explored by voltammetry at a rotating disk electrode. The test
ample was 2 mmol per dm HO, ™~ in argon-saturated 0.1 mol per
dm KOH, and the electrode was a GC disk that was modified
with either rGO, CoHCNCo@rGO, or the test catalyst,
NCoC@rGO (Fig. S71). The results were consistent with the
working hypothesis that the current yielded at the ring electrode
in the above experiments with a RRDE was from the oxidation of
HO, ™ that was produced by incomplete reduction of O, (i.e., n <
4) at the disk electrode. The NCoC@rGO-modified electrode
exhibited electrocatalytic activity toward HO,  oxidation at
0.8 V. This catalytic activity was much higher than that of the
CoHCNCo film in terms of onset potential and anodic current.
Such behavior may be related to the formation of CoN sites

J. Mater. Chem. A, 2023, N, 7286-7298 | 7293
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Fig. 8 Fraction of peroxide anion (intermediate species) expressed as
percent of HO,™ formed during the ORR at NCoC@rGO (solid curve),
and Pt/C nanoparticles (dashed line).

during pyrolysis, which have been shown to electrochemically
catalyze H,0, oxidation.'**'* In this regard, the formation of
CoN during pyrolysis was demonstrated by spectroscopic data
(Fig. 4).

Voltammetry of an oxygen saturated solution with RDE was
performed to elucidate the dynamics of the ORR when the
modifier was NCoC@rGO. The polarization curves as a function
of rotation rate, w, from 400-2500 rpm are shown in Fig. S8A.T
The onset potential, 0.92 V, of the ORR was independent of w
over the range investigated. The plateau current, j, increased
with w; therefore, mass transport at least in part determines its
value. To test whether diffusion is the current-limiting factor,
a plot of j vs. w*'? was made with the disk electrode at 0.55 V
(Fig. S8Bt). At 0.55, linear responses with the same slopes were
observed with both Pt/C and NCoC@rGO modifiers. With the
latter modifier, linear least squares analysis of the plot gave
a slope of 0.46 £ 0.02 at an applied potential of 0.55 V, which
compares favorably with the theoretical value 0.5 for a diffusion-
limited process.

When 0.8 V was applied potential, a departure from linearity
was observed at the high end of the rotation rate. That is, at this
potential, the current was limited by a mixed mass transport
and charge-transfer kinetic process, thereby permitting charge-
transfer kinetic information to be elucidated using the Kou-
tecky-Levich eqn (3). The behavior in this mixed diffusion-
kinetic region as a function of w when fitted to eqn (3) is
shown in Fig. 9. Here, jjim, is the experimental current density, ji,
and jii, are the respective diffusion and kinetic current densi-
ties; kner, is the heterogeneous rate constant for the catalytic
reaction; and Co, is the bulk reactant concentration (for oxygen
in the employed electrolyte, 1.2 x 10~* mol dm™?%).? The other
symbols have their usual meaning.
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The conditions for use of this approach were met because
charge propagation within the layer of NCoC@rGO is fast, and
the oxygen reactant has facile transport to the active sites, as
demonstrated by the development of diffusion-limited currents
at less positive potentials. Moreover, we utilized minimal
amounts of Nafion for binding the catalytic material to the GC
surface to avoid its hindrance of mass transfer.'**'** With these
conditions, we assumed that only mass transport of O, and the
kinetics of the electrochemical reaction serve as components of
the current-limiting steps. Utilizing reciprocal coordinates
(Fig. 9) yielded non-zero intercepts, which allows the determi-
nation of the kinetic current density values with eqn (3).

The plots of eqn (3) (Fig. 9) approach linearity. At 0.55 V, the
results with NCoC@rGO and Pt/C as modifiers nearly superim-
pose. These data are consistent with a process that approaches the
four-electron transfer mechanism of the ideal ORR. In contrast, at
0.8 V the kinetics of the electrode reaction has a marked influence
on the current density; here, the kinetic parameter, ke, for the
heterogeneous charge transfer can be determined. The &y value
of the NCoC@rGO and the Pt/C modified GC electrodes are both
in the range, 1-2-x 10" cm s '. These results are further
evidence of that these modifiers are comparable in their promo-
tion of the ORR.

To further study the ORR mechanisms at NCoC@rGO and at
Pt/C, the data set used in Fig. 7 was analyzed by Tafel plot
(Fig. 10). At potentials where the current densities are low, the
Tafel slopes with the NCoC@rGO- and Pt/C-modified films on

the working electrodes were —63 mV dec™ " and —59 mV dec™,

0.6
® NCoC@rGo (0.8V)
e NCoC@rGo (0.55V)
05{ = PtC(0.8V)
®  PY/C (0.55V)
| ]
"E 0.4 E
< 0.3 g s
£ 2" 3
=022 o® .
0.1
00 T T T T I
0.00 0.01 0.02 0.03 0.04 0.05 0.06

m-112 / rpm-1l2

Fig. 9 Koutecky—-Levich reciprocal plots for the electroreduction of
oxygen at NCoC@rGO, and at Pt/C nanoparticles with applied
potentials, 0.8 V and 0.55.
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Fig. 10 Tafel plots of NCoC@rGO and Pt/C catalysts in O,-saturated,
0.1 mol per dm KOH.

respectively. The similarity of these values is consistent with the
conclusion that the rate-determining step with these systems
are the same. Moreover, the small Tafel slope means that the
kinetics of the electrochemical reduction of O, at the
NCoC@rGO film are sufficiently facile to support its practical
use as an alternative to Pt/C; in fact, the energy barrier at
NCoC@rGO is slightly lower. At high current densities, the Tafel
slopes for NCoC@rGO- and Pt/C-modified GC are —130 mV
dec™' and —120 mV dec ', respectively. These slopes agree
closely with the theoretical Tafel value, 120 mV dec ', which
suggests that transfer of the first electron is the rate-
determining step of the ORR within the potential range where
kinetics primarily limits the current.

Stability of the cobalt catalyst

The stability of NCoC@rGO is a key issue in its practical
applications. It was tested preliminarily by cyclic voltammetry
in oxygen-saturated 0.1 mol per dm KOH in the following
manner: (1) a voltammetric scan at a RDE at a NCoC@rGO
modified surface was recorded, (2) at this electrode in static
solution, 3000 CV scans were applied in the potential range,
0.6-1.0 V, at 0.1 Vs~ ', and (3) the initial RDE measurement was
repeated. This sequence was repeated with a Pt/C-modified
electrode. The results are shown in Fig. 11A. With the
NCoC@rGO modifier, the current at 0.6 V decreased by 3.5%,
and E,nsec had a shift of —15 mV over this series of cycles. The
corresponding Eonsee shift was —30 mV at Pt/C. These results
further support the case that NCoC@rGO is a promising alter-
native to commercial Pt/C for applications involving the ORR in
alkaline medium.

An additional stability test was to determine the effect of
methanol on the ORR at the NCoC@rGO-modified disk. In

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 (A) Test of the stability of the NCoC@rGO-modified electrode
by linear scan voltammetry (3000 potential cycles at 50 mV s™4) at
a RDE in O,-saturated 0.1 mol per dm KOH. (a) Initial scan and (b) final
scan. (B) Test of the effect of methanol. Dashed line, 0.1 mol per dm
KOH and 0.5 mol per dm methanol; solid line, absence of methanol.
Rotation rate, 1600 rpm:; scan rate, 10 mV s,

Fig. 11B, it is shown that the current densities and potentials for
the electrochemical reduction of oxygen are practically
unchanged when 0.5 mol per dm methanol is included in the
O,-saturated alkaline electrolyte. In contrast, poisoning of Pt/C
by methanol is well known.'® This tolerance is a potentially
important attribute of the NCoC@rGO catalyst.
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Conclusion

A non-precious metal material that was prepared by pyrolyzing
cobalt hexacyanocobaltate at 500 °C and immobilizing the
product on reduced graphene oxide was demonstrated to elec-
trochemically catalyze the reduction of oxygen in alkaline
media. The presence of cobalt in mixed oxidation states as well
as C- or N-bridging of the pyrolysis product, NCoC@rGO, are
factors that serve to increase electrocatalytic activity of the
mediated reduction of O, by Co(u) over that of the non-
pyrolyzed material. In this regard, spectroscopic analysis of
the surface state of the NCoC@rGO exhibits the presence of
CoC, and CoN,,.. Nanoparticulate platinum supported on carbon
(commercially available as Pt/Vulcan), which is known as
a highly efficient electrocatalyst of the ORR, was use as a refer-
ence with which to evaluate NCoC@rGO. In general, formation
of HO,  during the ORR causes departure from the ideal four-
electron process. The formation of HO,  in 0.1 mol per dm
KOH at a NCo@rGO-modified electrode was comparable to that
at a Pt/C electrode, as determined by voltammetry at a RRDE.
Specifically, this side reaction only reduced the n-value from the
ideal, a four-electron reduction of O, to H,O by about 10%.
Moreover, the NCoC@rGO had comparable stability to Pt/C in
a test involving 3000 potential cycles between 0.6 V and 1.0 V,
a range that covers mixed kinetic-diffusion to diffusion-limited
control of the ORR. These properties support our current
strategy of producing enhanced electrocatalysts for oxygen
reduction based on pyrolysis of metal hexacyanometallates
composited with rGO. On mechanistic grounds, it is reasonable
to expect that, as reported earlier for various pyrolyzed N-
coordinated cobalt or iron systems,***'*"1% the adsorption of
O, on Co(u) precedes fast transfer of the first electron. Further
research to confirm the potential utility of these materials as
catalysts in fuel cells will be expanded, especially factors
involving long term stability. Applications involving other
nonprecious metals centers and direct comparisons to analo-
gous materials formed electrochemically will be explored.
Additional studies aimed at testing additives (co-catalysts)
capable of further diminishing formation of the hydrogen
peroxide intermediates would be helpful as well.
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