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Single-atom-based catalysts are a promising catalytic system with advantages of molecular catalysts and
conductive supports. In this work, a new hybrid material (CoF/NG) is produced using a low-temperature
reaction between an organometallic complex (Co(CsHFgO5),) (CoF) and N-doped reduced graphene
oxide (NG). CoF contains electron-withdrawing CFz groups in the ligand around a Co atom. Microscopic
and chemical characterization studies reveal that Co-based species are coordinated to N sites of NG and
molecularly dispersed on the surface of NG. The CoF/NG hybrid shows improved electrocatalytic pro-
perties, such as onset (0.91 V) and half-wave (0.80 V) potentials, for the electrochemical oxygen reduction
reaction (ORR) relative to the NG material. Control experiments reveal that Co—(N)grapnene acts as a major
active species for ORR. CoF/NG shows moderate cycling durability and microscopy measurements of
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CoF/NG-after-cycle indicate the formation of nanoparticles after electrocatalytic measurements. All
experimental data support that the incorporation of Co-based organometallic species containing elec-
tron-withdrawing groups around the metal center onto the graphene-based networks improves the
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Introduction

Electrocatalysts for the oxygen reduction reaction (ORR) play a
pivotal role in the advancement of energy conversion techno-
logies, particularly in fuel cells and metal-air batteries."™ The
requirement for highly efficient and cost-effective ORR catalysts
has driven extensive research efforts aimed at uncovering novel
materials with superior catalytic activity and stability. Specifically,
achieving high electrocatalytic performance with Pt-free catalysts
is important due to the high cost and low chemical stability of
Pt-C materials, which are currently used in industry.*®

This has driven the evolution of catalyst design from macro-
scopic metal particles to nanoscale materials and, intriguingly,
to single-atom-based catalysts (SACs). SACs contain individual
metal atoms immobilized on various support materials,
thereby achieving the ultimate in atomic utilization efficiency.”
Support materials play a crucial role in stabilizing and facilitat-
ing the activity of these active species.® Because the ORR is an
electrochemical process at the surface of electrocatalysts, elec-
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electrocatalytic ORR performance but diminishes the electrocatalytic stability of the active species.

trical conductivity and high surface areas are required for
efficient electrocatalysts.”'® For this reason, sp® hybridized
nanomaterials, such as chemically modified graphenes,
carbon nanotubes, carbon nitrides, and other carbonaceous
materials, have been used as supports"*

Pt-free SAC materials containing Co and Fe have emerged
as promising candidates due to their abundant, low-cost
nature and remarkable catalytic properties.’* The detached Fe-
based species from electrodes can produce ionomers via the
Fenton reaction and the ionomers can degrade membranes in
proton-exchange membrane fuel cells."®> On the other hand,
Co-based species have slower kinetics for the Fenton reactions.
The unique feature of Co-based SACs lies in their ability to
expose catalytically active Co atoms to the reaction environ-
ment while preventing metal agglomeration and thereby main-
taining high catalytic stability.'* The precise control of coordi-
nation environments and oxidation states of these Co atoms
offers a high degree of tunability, enabling the optimization of
catalytic performance.”®"?

Recently, it was reported that the coordination of Co-based
molecular species with chelating ligands around a Co atom to
a graphene-based network generates efficient electrocatalytic
SACs for ORR.">'® The presence of electron-donating aliphatic
groups at the chelating ligands further improves the electro-
catalytic properties.">'® However, the effect of electron-with-
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drawing groups on the active species of SACs has not been
studied. Consequently, in this work, the effect of electron-with-
drawing groups on the electrocatalytic properties and stability
of Co-based SACs is investigated. A Co-based organometallic
species with a CF; moiety, which is known as a strong elec-
tron-withdrawing group, was attached to N-doped graphene-
based networks. The structures of molecularly dispersed active
species and their electrocatalytic properties for ORR will be
discussed.

Experimental
Preparation of N-doped reduced graphene oxide (NG)

Graphite oxide (600 mg), which was prepared by Hummers’
method, was added to a 250 mL round bottomed flask with de-
ionized (DI) water (200 mL). After sonication of the mixture for
200 min at 25 °C, ammonium hydroxide (20 mL, 25%,
DAEJUNG, Korea) was added into the flask. The resulting
mixture was soaked in an oil bath set at 120 °C, followed by
refluxing with stirring for 12 h. After cooling down to room
temperature, the mixture was filtered with a glass filter (G4)
and washed with DI water several times. The resulting filtrate
was dried under vacuum for 12 h, affording NG powder
(320 mg).

Preparation of reduced graphene oxide (ReG)

Graphite oxide (600 mg) was added to a 250 mL round-bot-
tomed flask with DI water (200 mL). After sonication of the
mixture for 200 min at 25 °C, the resulting mixture was soaked
in an oil bath set at 120 °C, followed by refluxing with stirring
for 7 days. After cooling down to room temperature, the
mixture was filtered with a glass filter (G4) and washed with DI
water several times. The final powder (ReG, 395 mg) was
obtained after vacuum-drying for 12 h at 25 °C.

Preparation of CoF/NG

NG (20 mg) was added to a 25 mL round-bottomed flask filled
with dimethylformamide (DMF) (9 mL), followed by sonication
for 200 min at 25 °C. A solution of Co(CsHF0,), in DMF
(1 mL) was then added to the NG suspensions. After stirring
for 12 h at 25 °C, the resulting mixture was filtered through a
membrane filter and sequentially washed with DMF, ethanol,
and DI water at least five times each. The powdered product
(CoF/NG, 19.5 mg) was obtained after vacuum drying for 12 h
at 25 °C.

Preparation of CoF/ReG

ReG (20 mg) was added to a 25 mL round-bottomed flask filled
with DMF (9 mL), followed by sonication for 200 min at 25 °C.
A solution of Co(CsHFs0,), in DMF (1 mL) was then added to
the ReG suspensions. After stirring for 12 h at 25 °C, the result-
ing mixture was filtered through a membrane filter and
sequentially washed with DMF, ethanol, and DI water at least
five times each. The powdered product (CoF/ReG, 19.6 mg)
was obtained after vacuum drying for 12 h at 25 °C.
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Instruments

Scanning electron microscopy (SEM) images were obtained using
a field emission gun scanning electron microscope (S-4300SE,
Hitachi, Japan) using a 15 kV accelerating voltage. Transmission
electron microscopy (TEM) images were obtained with a field
emission transmission electron microscope (JEM2100F, JEOL,
Japan) at 200 kV using carbon/copper grid (HC 200eCu, EMS,
USA) mounted samples. Scanning transmission electron
microscopy (STEM) images were captured using a Cs-corrected
STEM (JEM-ARM200F, JEOL) at 200 kv, employing a Holey
carbon-Cu grid (HC200-Cu, EMS). X-ray photoelectron spec-
troscopy (XPS) spectra were obtained with an angle-resolved X-ray
photoelectron spectrometer (Theta probe, Thermo Fisher
Scientific, UK). Fourier transform infrared (FT-IR) spectra were
obtained from KBr pellets containing samples using an FT-IR
vacuum spectrometer (Bruker VERTEX 80 V, Bruker, Germany).
X-ray diffraction (XRD) patterns were obtained using a
DMAX-2500 instrument (Rigaku, Tokyo, Japan). X-ray absorption
spectroscopy (XAS) measurements were conducted using beam-
line 10C at the Pohang Accelerator Laboratory PAL (Pohang,
South Korea). Inductively coupled plasma-optical emission spec-
trometry (ICP-OES) was performed using a PerkinElmer OPTIMA
7300DV to check amounts of Co. BET surface area measure-
ments (Tristar, ASAP 2020, Micromeritics, USA) were performed
using nitrogen adsorption isotherms. Raman spectroscopy
(XperRAM, Nanobase, Korea) was performed using a 532 nm

laser and the wavelength range from 400 to 3000 cm™".

Electrochemical measurements

Electrochemical measurements were performed using a VSP
potentiostat (Biologic Science Instruments) equipped with a
rotating-disk electrode (RDE, 011169, ALS Co.). We constructed
a conventional three electrode beaker cell with a glassy carbon
ring disk electrode (4 mm in diameter), graphite rod counter
electrode and an Hg/HgO reference electrode (XR400, radio-
meter/50% KOH filling solution). A catalyst ink composed of
5 mg of catalyst, 0.1 mL of DI water, 0.01 mL of Nafion (5 wt%
in isopropanol, Aldrich), and 0.9 mL of anhydrous ethanol was
ultrasonicated for at least 30 min. The resulting catalyst ink
(5 pL) was added dropwise on the glassy carbon disk and then
dried under vacuum at room temperature for 40 min. The
electrochemical experiments were performed with aqueous 0.1
M KOH (85.0%, DAEJUNG), which was saturated with N, gas
before cyclic voltammetry (CV). A potential cycle of 1.2 to 0.2 V
was applied to the electrode at a scan rate of 100 mV s™* 100
times to rinse the catalyst surface electrochemically. Then,
linear sweep voltammetry (LSV) was performed from 1.2 to 0.2
V at a scan rate of 5 mV s™' with a rotation speed of 100 to
2500 rpm in O,-saturated aqueous 0.1 M KOH. All potentials
are reported with respect to the reversible hydrogen electrode
(RHE), so the Hg/HgO reference electrode was calibrated daily
versus the RHE and the potential difference was E(RHE) =
E(Hg/HgO) + 0.92 V. The number of electrons transferred
for ORR on electrodes is calculated using the Koutecky-Levich
(K-L) equation:

This journal is © The Royal Society of Chemistry 2024
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In eqn (a), J is the measured current density, J; and Jx are
the diffusion-limiting and kinetic current densities, respect-
ively, and w is the disk angular velocity (w = 2pN, where N is
the linear rotation speed). In eqn (b), n is the overall number
of electrons transferred during the oxygen reduction reaction
(ORR), F is the Faraday constant (96485 C mol™), C, is the
bulk concentration of O, in 0.1 M KOH (1.2 x 10~® mol cm™?),
D, is the diffusion coefficient of O, in 0.1 M KOH (1.9 x 107>
em? s7'), and v is the kinematic viscosity of the electrolyte (1 x
1072 em? s7')."” The electrolytes were degassed by bubbling O,
for at least 30 min before electrochemical measurements. The
long-term durability of samples was evaluated by CV in O,-
saturated 0.1 M KOH solution at a scan rate of 100 mV s~ " and
a potential window set between 0.2 and 1.2 V until 10 000
times, and LSV was investigated at 1600 rpm in O,-saturated
0.1 M KOH solution at a scan rate of 5 mV s™*. The electroche-
mically active surface area (ECSA) was calculated by CV and
performed in O,-saturated 0.1 M KOH solution. The potential
window of CV was measured in the non-faradaic region at a
scan rate of 20 mV s, 40 mV s™', 60 mV s~ !, 80 mV s,
100 mV s, 120 mV s~ %, 160 mV s™*, and 200 mV s .

Electrochemical impedance spectroscopy (EIS) was per-
formed in the frequency range of 10 kHz-0.01 Hz with an
amplitude of 10 mV at a bias potential of 0.72 V and a rotating
speed of 1600 rpm. The electrolytes were degassed by bubbling
O, for at least 30 min before electrochemical measurements.

Rotating ring-disk electrode (RRDE) measurements were
performed by CV from 0.2 to 1.1 V at a scan rate of 5 mVs ™"
with a rotation speed of 1600 rpm in a three-electrode system
using a Hg/HgO electrode, a graphite electrode, and a glassy
carbon disk (4 mm of diameter) surrounded by a Pt ring (inner
and outer-ring diameters: 5.0 and 7.0 mm, respectively) as the
reference, counter, and working electrodes, respectively. The
corresponding ring currents were measured using a Pt ring
electrode by applying a constant potential of 1.2 V (vs. RHE).
The electron transfer number (n) and the percentages of O,
molecules, which are reduced to HO,” measured by RRDE,
were calculated based on the ring and disk currents using the
following equations [eqn (c) and (d)]

=4 X14D+IR/N (c)
- _ Ir/N d
HO, (%) = 200 x T+ /N (d)

In eqn (c) and (d), I, and Iy are the disk and ring currents,
respectively. N is the collection efficiency with a value of
0.43.'%

This journal is © The Royal Society of Chemistry 2024
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Results and discussion
Preparation and characterization of CoF/NG

During electrocatalytic reactions, it is important to have the
fast transfer of charge carriers between active sites and electro-
des. Consequently, graphene-based materials, which have sp*
carbon-based networks, are promising candidates as electri-
cally conductive supports."* In this work, N-doped reduced
graphene oxides (NG) were produced by the wet-process
between graphene oxide and ammonium hydroxide as pre-
viously reported.'> Graphene oxide (G-O) was obtained by soni-
cation of graphite oxide powder, which was produced using
Hummers’ method.

XPS measurements of NG reveal the presence of a high
population of N atoms (7.4 at%), which can be binding sites to
Lewis acidic metal components. As shown in Fig. Sla,f the
XPS C 1s spectrum of GO shows peaks at 284.6, 286.7, and
288-289 eV, corresponding to sp® C, C-O, and C=0 groups,
respectively.'”>! The peak intensity for oxygen-containing
groups decreases in the spectrum of NG with peaks for C-C,
C-OH, C-0/C=N, and C=0 groups(Fig. S1bt).">?° The decon-
voluted XPS N 1s spectrum of NG shows peaks at 398.6, 399.8,
and 401.0 eV (Fig. Sict), which are assignable to pyridinic, pyr-
rolic, and graphitic N species, respectively.**

The NG was dispersed in DMF using sonication and then
CoF was added to the mixture. The final product, CoF/NG, was
produced by the reaction between NG and CoF at 25 °C
(Fig. 1a). A BET surface area of NG was determined to be as
high as 444 m* g', which is beneficial to generate large
amounts of active species at the surfaces (Fig. 1b). Many
efficient ORR electrocatalysts require high-temperature treat-
ment during the production processes. However, it is impor-
tant to note that CoF/NG was produced without high-tempera-
ture processes. The BET surface area of CoF/NG decreases to
282 m* g' relative to NG (Fig. 1b). The organometallic
complex (CoF) has a Co with +2 oxidation state and two diva-
lent chelating ligands (hexafluoroacetylacetonate, F-acac) with
two terminal O atoms (Fig. 1a). Each chelating F-acac ligand
forms a 6-membered ring with a Co atom. The F-acac ligand
possesses two CF; groups, which can withdraw electrons from
the Co center because of the high electronegativity of F atoms.

SEM and TEM measurements reveal that CoF/NG contains
agglomerated graphene-based nanoplatelets, which is typically
observed from reduced graphene oxide materials (Fig. 1c and
d). No crystal lattice structures were observed in the SAED
(selected area electron diffraction) pattern of CoF/NG (inset,
Fig. 1d). In the STEM measurements, metallic elements are
observed as bright field regions and suggest that CoF/NG con-
tains atomically dispersed Co species without localized ensem-
bles of Co atoms on the nanometer scale (Fig. 1e). The XRD
patterns of NG and CoF/NG show broad peaks at ~25° and
~43°, corresponding to the (002) and (102) planes of reduced
graphene oxide, respectively (Fig. 1f).">** While the XPS
measurement of NG found C, O, and N atoms, additional F
and Co atoms were observed in CoF/NG (Table S11). The Co
and F elements could come from the CoF complex. The
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(d) TEM, and (e) STEM images. (f) XRD patterns of NG and CoF/NG. (g) TEM elemental mapping images of CoF/NG.

amount of Co is 7.0 wt%, which is determined by ICP-OES.
The energy dispersive X-ray (EDX) elemental mapping images
of CoF/NG show a uniform dispersion of Co and F atoms along
the surface of the CoF/NG sample. No Co-containing particles
were observed from several TEM measurements and no XRD
peaks for crystalline Co-based particles were obtained (Fig. 1g).

The chemical structures of CoF/NG were further investi-
gated by FT-IR, XPS, and X-ray absorption near edge structure
(XANES), extended X-ray absorption fine structure (EXAFS)
spectroscopy. The deconvoluted XPS C 1s spectrum of CoF/NG
is similar to that of NG, which is indicative of no significant
changes in the carbon-associated structures (Fig. 2a). The
deconvoluted XPS N 1s spectrum of CoF/NG shows peaks for
pyridinic, pyrrolic, and graphitic N species, which were
observed in the spectrum of NG. An additional peak corres-
ponding to Co-N species is observed at ~399 eV (Fig. 2b)."***
The deconvoluted XPS O 1s spectrum of NG shows peaks at
531.7, 532.9, and 533.8 eV, assignable to C=0O, C-O, and
C(=0)0, respectively.'*'*> Because CoF contains Co-O bonds,
their coordination to NG derives the appearance of the Co-O
peak in the deconvoluted O 1s spectrum of CoF/NG (Fig. 2c),
which is not observed in the spectrum of NG. There is an
additional peak at 291.5 eV, corresponding to C-F bonds.>
The XPS F 1s spectrum of CoF/NG confirms the presence of

17422 | Nanoscale, 2024, 16, 17419-17425
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and (c) O 1s. The deconvoluted F 1s XPS spectrum of CoF/NG.

C-F groups, which come from CF3 groups in CoF immobilized
on the surface. All these spectral changes suggest the attach-
ment of the CoF structure, composed of Co and two chelating

This journal is © The Royal Society of Chemistry 2024
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ligands, to the NG surfaces (Fig. 2d). Raman spectra of NG and
CoF/NG showed broad peaks at 1343 and 1580 cm ™", corres-
ponding to D and G bands, respectively (Fig. S21). The G band
originates from graphitic sp® structures, and the D band can
be observed when defect sites exist in the graphene network.
Consequently, the Raman spectra indicate that NG and CoF/
NG contain a graphene-based sp® network as a major
species.”® The ratio of D to G band intensities (Ip/Ig) of NG
and CoF/NG was 0.87 and 0.88, respectively, which reveals the
similar degree of defects in both samples. Fig. 3a shows the Co
K-edge XANES spectra of CoF, CoF/NG, and reference materials
and the spectra exhibit a sharp white line and a small pre-edge
peak at 7710-7725 eV. The overall pattern of the spectrum is
quite different from those of Co foil and Coz;0,. The pattern of
CoF/NG is almost identical to that of CoF, suggesting the pres-
ervation of the CoF structure and the oxidation state (+2)
during the hybridization. As shown in the XPS Co 2p spectrum
of CoF/NG, peak positions of Co 2p;,, and Co 2ps,, and energy
differences between them (AE = 15.8 €V) indicate that the oxi-
dation state of Co in CoF/NG is close to +2 (Fig. 3b)."**”*® The
pre-edge peaks, which correspond to the 1s — 3d electronic
transition, are observed in the spectra of CoF and CoF/NG
(inset of Fig. 3a).”” The peak intensity of CoF/NG is slightly
higher than that of CoF. This suggests that non-centro-
symmetric structures such as distorted octahedral or square
pyramidal geometry around Co are formed during
hybridization."**°

Coordination environments around Co were investigated by
fitting the EXAFS spectra with the Co-O/N and Co-Co bonds
(Fig. 3c). During the fitting, the amplitude reduction factor for
Co was kept constant and equal to the receding fit result for
the Co metal foil. The fitted EXAFS spectrum in the R-space
for COF/NG shows a Co-O/N peak centered at 1.64 A (2.06 A),
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of which the position is highly close to that of CoF with a Co-
O bond of 2.05 A. It is important to note that no other peaks
for metallic Co-Co or cobalt oxides are observed in the spec-
trum of CoF/NG. This feature strongly supports that CoF coor-
dinates to NG as its initial structure and the Co-containing
species are molecularly dispersed without the aggregation of
Co species. The EXAFS fitting results, including the coordi-
nation numbers and bond distances, are listed in Table 1.

Electrocatalytic properties and stability of the hybrid catalysts

Fig. 4a and Table 2 show the electrocatalytic ORR performance
of NG, CoF/NG, and Pt/C in a KOH solution (0.1 M) in an RDE
system. NG shows moderate electrocatalytic ORR properties with
onset and half-wave potentials of 0.85 and 0.70 V, respectively,
and a limited current density of 3.38 mA cm™>. After hybridiz-
ation, the electrocatalytic properties of CoF/NG are improved to
0.91 and 0.80 V, and 4.22 mA cm™>, respectively. These signifi-
cant improvements clearly indicate that the coordination of CoF
on the surface of NG generates electrocatalytically active species
for ORR. Although overall properties are not as high as those of
Pt/C, it is important to note that CoF/NG is a Pt-free catalyst and
produced using a low temperature wet process. Four-electron
transfer selectivity is one of important factors showing energy-
efficient performance of ORR electrocatalysts because the four-
electron pathway is competitive to the two-electron pathway,
which is a side reaction.***" The selectivity was measured with
ring current using an RRDE system. The HO,™ yield and electron
transfer number are 13.7% and 3.72, respectively, which shows
good selectivity of CoF/NG (Fig. S3 and Table S2t). ORR kinetics
can be investigated with calculation of Tafel slopes (Fig. 4b). The
slope of CoF/NG is 78 mV dec ™", implying that the rate-deter-
mining step is the migration of surface-adsorbed species. The
value is similar to that of Pt/C and much lower than that of NG,
suggesting the faster kinetics of CoF/NG relative to NG. ECSAs
can be determined by CV scans in the non-faradaic region. The
double-layer capacitance (Cq;) is determined from the slope of
the linear relationship between the scan rate and current
density. As shown in Fig. 4c, CoF/NG contains more electroche-
mically active sites at the surface than NG and Pt/C. Nyquist
plots were calculated from the EIS data to determine the charge-
transfer resistance (R.) across the electrode/electrolyte interface.
The lower R, values imply the faster electrochemical reactions at
the interfaces. The value of CoF/NG is comparable to that of Pt/C

Table 1 EXAFS fitting results of Co foil, CoO, Co30,4, CoF precursor,
and CoF/NG
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Fig. 3 (a) XANES spectra of Co foil, CoO, Coz0,4, CoF precursor, and

CoF/NG. (b) Deconvoluted XPS Co 2p spectra of the CoF precursor and
CoF/NG. (c) EXAFS fitting results of Co foil, CoO, Cos0,4, CoF precursor,
and CoF/NG.
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Sample Bond CN R(A)
Co foil Co-Co 12 2.5
CoO Co-O 6.02 2.1
Co-Co 14.42 3.0
Co30, Co-O 6.57 1.9
Co-Co 5.44 2.8
Co-Co 10.01 3.3
CoF precursor Co-O 7.89 2.05
CoF/NG Co-O(N) 6.92 2.06
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Fig. 4 Electrochemical performance of NG, CoF/NG, and Pt/C. (a) LSV
polarization curves, (b) Tafel slopes, (c) double-layer capacitance
measurements to determine ECSA, and (d) EIS curves.

Table 2 Electrochemical performance results of NG, CoF/NG, and Pt/C
(Ry: electrolyte resistance, R;: charge transfer resistance)

Onset Half-wave Ju(mA R, R,
Sample potential (V) potential (V) ecm™> (@) (@)
NG 0.85 0.70 3.38 106.3 1279
CoF/ 0.91 0.80 4.22 106.0 441
NG
Pt/C 0.99 0.82 5.77 106.0 381

and significantly lower than that of NG (Fig. 4d). These electro-
chemical features indicate the positive effect of the hybridization
for faster electrocatalytic reactions.

As discussed above, atomically dispersed Co-containing
species are attached to the surface of the NG. Because the N or
O sites on the surface of NG can bind to Co atoms, Co-
(N)graphene and Co—(O)graphene €an act as ORR active species. To
investigate the major active species, ReG and CoF/ReG samples
were prepared as control samples. Because ReG was produced
by refluxing aqueous G-O suspension without the addition of
any other chemical reductants, no N species exist in the ReG.
Subsequently, CoF/ReG would contain only Co—(O)graphene
species without the contribution of Co—(N)graphene Species.

Similar to the CoF/NG, SEM, TEM and XRD measurements
of CoF/ReG support no formation of crystalline particles con-
taining Co (Fig. S4 and S5f). As shown in EDX elemental
mapping images, Co atoms are well-dispersed along the CoF/
ReG sample (Fig. S67).

XANES and EXAFS spectra of CoF/ReG are similar to those
of CoF/NC (Fig. S7 and Table S3t). These features suggest that
no Co-based crystalline particles are generated and Co-based
species with an oxidation state of +2 are well-dispersed in the
molecular level on the surface of ReG.">??

Interestingly, the electrocatalytic activity of the control CoF/
ReG is significantly lower than that of CoF/NG. As shown in

17424 | Nanoscale, 2024, 16, 17419-17425
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Fig. S8 and Table S4,f the onset and half-wave potentials and
limited current densities of the CoF/ReG are much lower than
those of the CoF/NG. These features suggest that the dominant
active species in CoF/NG are different from that in CoF/ReG,
which excludes the Co—~(O)graphene Structure from the major
active species of the CoF/NG system. This control experiment
suggests that Co—~(N)grapnene could be the active species for
electrocatalytic ORR in CoF/NG.

Electrocatalytic stability is one of important factors for the
industrial application of ORR catalysts. It is important to deter-
mine the stability of ORR catalysts under exposure to methanol
in direct methanol fuel cells. While the low tolerance for
methanol is a significant limitation of Pt/C, CoF/NG shows
stable electrocatalytic performance without a current drop
upon the addition of methanol (Fig. S9t), confirming the good
tolerance of CoF/NG to methanol poisoning. To check long-
term stability of electrocatalysts during electrochemical cycles,
LSV curves at the initial and 10 000th cycles and i-t curves
were obtained for the CoF/NG sample. Fig. S101 shows that the
onset and half-wave potentials and limited current density of
CoF/NG decrease significantly after 10 000 cycles. The it curve
of CoF/NG, which was measured at 0.87 V, shows a mediocre
stability with the current-decrease by 7.9% after 20000 s
(Fig. S111). To monitor morphological changes of CoF/NG
during the electrochemical ORR measurements, the CoF/NG
samples were obtained from the electrodes after ORR measure-
ments (samples are denoted as CoF/NG-after-cycle).
Noticeably, the STEM image of the CoF/NG-after-cycle sample
shows the formation of nanoparticles (Fig. S121). This mor-
phological change indicates some of Co-containing species in
CoF/NG aggregates during the electrochemical ORR
measurements.

These data compare to previous literature reporting Co-
based SACs containing electron-donating groups.'*'>*? Those
electrocatalysts show better long-term cycling durability than
CoF/NG and no aggregated particles were observed from after-
cycle samples. All these experiments support that the incorpor-
ation of Co-based organometallic species containing electron-
withdrawing groups around the metal center onto graphene-
based networks improves the electrocatalytic ORR perform-
ance. However, the presence of electron-withdrawing groups
around the Co-based active species could diminish the electro-
catalytic stability during ORR measurements.

Conclusions

In this work, the effect of electron-withdrawing groups on the
electrocatalytic ORR properties of atomically dispersed Co-
based species was investigated. Through the synthesis of CoF/
NG, Co-based organometallic species (CoF) were successfully
immobilized onto the NG surface using a low-temperature wet
process. Characterization techniques including XPS, XRD,
TEM, and XANES confirmed the molecular dispersion of Co-
based species on the NG surface without the formation of crys-
talline Co-based particles.

This journal is © The Royal Society of Chemistry 2024
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Electrochemical measurements revealed that CoF/NG
exhibited significantly enhanced ORR activity compared to
NG, with the onset and half-wave potentials of 0.91 and 0.80 V,
respectively. The CoF/NG -catalyst showed good selectivity
towards the four-electron pathway of the ORR and an electron
transfer number of 3.72. Control experiments using CoF/ReG,
where no N species were present, suggested that Co~(N)graphene
species were likely the active sites responsible for the
enhanced ORR activity observed in CoF/NG.

Our findings suggest that the incorporation of Co-based
species on graphene-based networks at the molecular level can
generate efficient ORR electrocatalysts. This work provides
valuable insights for the rational design of efficient and cost-
effective ORR catalysts based on single-atom catalysts.
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