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ARTICLE INFO ABSTRACT

Keywords: Metal/carbon nanocomposites have shown great potential as high-performance, low-cost electrocatalysts owing
Magnetic induction heating largely to their unique metal-support interactions. These nanocomposites are typically prepared by conventional
Electrocatalysis

pyrolysis that is tedious and energy-intensive. Herein, we report the ultrafast preparation of cobalt/carbon
nanocomposites by magnetic induction heating (MIH) of metal organic frameworks within seconds under an inert
atmosphere. The resulting samples consist of cobalt nanoparticles encapsulated within defective carbon shells,
and effectively catalyze oxygen evolution reaction (OER) in alkaline media. Among the series, the sample pre-
pared at 400 A for 10 s exhibits the best OER performance, needing a low overpotential of +308 mV to reach the
current density of 10 mA cm 2, along with excellent stability, and even outperforms commercial RuOs at high
overpotentials. This is ascribed to the charge transfer between the carbon scaffold and metal nanoparticles.
Operando X-ray absorption spectroscopy measurements show that the electrochemically produced CoOOH species
is responsible for the high electrocatalytic performance. The results highlight the unique potential of MIH in the

Oxygen evolution reaction
Cobalt/carbon nanocomposite
Operando X-ray spectroscopy

development of effective nanocomposite catalysts for electrochemical energy technologies.

1. Introduction

Natural gas reforming accounts for 95% of the hydrogen gas produced
in the United States; yet the hydrogen is non-sustainable and “grey”, as it
originates from fossil fuels [1]. To obtain sustainable “green” hydrogen
gas, electrochemical water splitting by using renewable electricity has
emerged as one of the most promising technologies, which consists of
hydrogen evolution reaction (HER) at the cathode and oxygen evolution
reaction (OER) at the anode [2]. Yet, due to the sluggish electron-transfer
kinetics and complex reaction pathways, OER typically entails a large
overpotential and severely hampers the overall efficiency of the water
electrolyzers [3]. Iridium and ruthenium-based nanoparticles have been
the leading catalysts for OER; yet their natural scarcity and high costs
have made widespread applications impractical [4-6]. Thus, extensive
research has been carried out to develop efficient alternatives, such as
metal alloys [7-9], metal oxides [10-13], hydroxides [14,15], oxy-
hydroxides [16,17], sulfides [8,18], phosphides [4,19], etc.

Recently, metal/carbon nanocomposites have also been attracting
intensive attention [20-23], owing to their high electrical conductivity
and strong metal-support interactions (e.g., charge transfer between
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carbon and metal, spatial confinement by encapsulation). For example,
Cui et al. [24] prepared a series of nanocomposites with non-noble
metal nanoparticles (e.g., Fe, Co, Ni, and their alloys) encapsulated
within single-layer graphene, in which FeNi showed the best OER ac-
tivity with an overpotential (n10) of +280 mV at 10 mA cm 2 in alkaline
media. Theoretical studies based on density functional theory (DFT)
calculations showed that electron transfer occurred from the metal
cores to the graphene layer and significantly altered the adsorption
energetics of oxygen species on the graphene surface, leading to an
enhanced OER performance. Yang et al. [25] prepared FeCoNi ternary
nanoalloys encapsulated in N-doped graphene layers by direct anneal-
ing of Prussian blue, which showed a low 77 of +288 mV towards OER
in alkaline media. Similarly, they found that charge transfer from the
metals to graphene lowered the energy barrier of OER electrochemistry.
In these studies, the metal/carbon nanocomposites are prepared via a
variety of strategies, including pyrolysis of metal-organic frameworks
(MOFs) [26], chemical vapor deposition (CVD) [27], electrospun
nanofibers [28], wet chemistry [29,30], etc. These procedures, while
effective, are in general tedious (of the order of hours) and may need
sophisticated instrumentation [31-33].
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Such issues can be mitigated by the recent emergence of ultrafast
synthesis, e.g., carbothermal shock, flash Joule heating, laser ablation,
and magnetic induction heating (MIH) [21,34-38]. These techniques can
not only cut down the sample preparation time to (milli)seconds but also
create non-equilibrium structures, such as stacking faults, point defects,
and high-entropy mixtures, that are unattainable in conventional
methods [34]. For instance, Meng et al. [39] utilized a laser to heat a
cobalt target in liquid, and produced CoOOH with abundant oxygen
vacancies, owing to the ultrafast heating rate. The resulting defective
CoOOH exhibited an 719 of +330 mV for OER, much better than bulk
CoOOH without oxygen vacancies. In another study, Cui et al. [18]
prepared high-entropy metal sulfide (CrMnFeCoNi)S, nanoparticles by
using carbothermal shock for just 55 ms, and observed a high OER per-
formance with a low overpotential (1109) of +295 mV to reach a high
current density of 100 mA cm 2. Recently, we demonstrated that MIH
could also be exploited for the ultrafast synthesis of high-performance
electrocatalysts [35,36]. MIH is a traditional metallurgical tool, where-
upon the application of a high-frequency AC current to the solenoid, a
strong magnetic field is generated, which instantly produces a high Eddy
current in the conductors within the field and heats the sample rapidly to
a high temperature. In one recent study [36], FeNi spinel nanostructures
were produced within seconds featuring a homogenous mixing of the Fe
and Ni phases and substantial Cl residuals, both of which were difficult to
obtain in conventional methods and contributed collectively to a
remarkable OER performance (17199 = +260 mV). In another study [35],
ruthenium nanoparticles supported on carbon paper were prepared by
MIH, where the surface Cl residuals were found to be responsible for the
high HER activity (110 = —23 and —12 mV in acidic and alkaline media,
respectively) that was highly comparable to that of commercial Pt/C
benchmark. Nevertheless, despite the progress to date, very few studies
have focused on the controllable synthesis of metal/carbon nano-
composites by ultrafast synthesis [34,40].

Herein, we prepared a series of cobalt/carbon nanocomposites by
MIH treatment for 10 s [35,36] of zeolitic imidazolate frameworks-67
(ZIF-67), where cobalt nanoparticles were encapsulated within defec-
tive N-doped carbon shells. Owing to the different degrees of carbon-
ization (by controlling the magnetic induction current), various amounts
of Co species were exposed to the electrolytes, which effectively
impacted the OER activity. Amongst the series, the sample prepared at
the applied current of 400 A showed the best OER performance in
alkaline media, with a low 579 of +308 mV and nypo of +410 mV, a
performance even higher than that of commercial RuO5 in the high
overpotential range. Operando X-ray absorption spectroscopy measure-
ments showed that the excellent activity was due to the formation of
CoOOH on the carbon shell surface, likely due to electrochemical
decomposition of the encapsulated metallic nanoparticles.

2. Experimental section
2.1. Synthesis of ZIF-67

In a typical synthesis [30], 1.092 g of Co(NO3)2-6H20 was dissolved
in 30 mL of methanol in a vial, and 1.232 g of 2-methylimidazole in
30 mL methanol in another vial. These two solutions were mixed under
sonication for 10 min to form a purple solution. The solution was then
transferred to a 100 mL Teflon-lined stainless-steel autoclave and heated
at 120 °C for 2 h, producing a purple precipitate that was collected via
centrifugation at 6000 r min~! for 5 min, rinsed three times with
methanol, and dried under vacuum at 50 °C for 12 h. The obtained
product was the ZIF-67 crystals.

2.2. MIH synthesis
Carbon paper was thermally treated in a muffle furnace at 500 °C in

ambient for 1 h to increase surface wettability, cut into 1 x 2 cm? pieces,
and rinsed with acetone several times. The ZIF-67 produced above was
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sonicated and dispersed into ethanol at a concentration of 60 mg mL 7,
100 pL of which was then dropcast onto the carbon paper. After drying in
air for 30 min, the carbon paper was put on an iron sheet
(2.5 cm x 2.5 cm x 0.2 mm) covered with a piece of graphite paper
(0.01 mm thick) to prevent contamination from iron, and the assembly
was placed on the center of a firebrick inside a quartz tube that was
purged with high-purity Ar gas for 10 min. The quartz tube was then set
into a four-turn induction coil with a diameter of 5 cm, and MIH was
carried out at a controlled current (X = 200-600 A) for a heating time of
10 s before the sample was naturally cooled down to room temperature.
The resulting samples were denoted as Co-NC-X.

2.3. Characterizations

Transmission electron microscopy (TEM) images were acquired with
a Tecni G2 operated at 200 kV. X-ray photoelectron spectroscopy (XPS)
measurements were carried out with a Thermo Fisher K-alpha system,
where the binding energy was calibrated against the C 1s binding energy.
Raman measurements were conducted using a Horiba Jobin Yvon Lab-
RAM ARAMIS automated scanning confocal Raman microscope under
532 nm excitation. Ex situ X-ray absorption spectroscopy (XAS) mea-
surements were carried out at 10 K at beamline 4-1 of the Stanford
Synchrotron Radiation Lightsource using an Oxford liquid helium cryo-
stat. Operando XAS measurements were carried out at room temperature
in a homemade cell.

2.4. Electrochemistry

Electrochemical measurements were carried out with a CHI 700E
electrochemical workstation in a three-electrode configuration. The ob-
tained carbon paper was fixed onto a graphite electrode holder, with an
exposed surface area of 1 cm?. A graphite rod was used as the counter
electrode and a Hg/HgO in 1 M KOH as the reference electrode. The
reference electrode was calibrated against a reversible hydrogen elec-
trode (RHE) and all potentials in the present study were referenced to this
RHE. Commercial RuOy was dropcast onto a carbon paper for bench-
marking at the same metal loading.

3. Results and discussion
3.1. Sample preparation and structural characterizations

As shown in Fig. 1a, the preparation of Co-NC nanocomposites by
MIH treatment of ZIF-67 consists of two major steps [35,36]. First, ZIF-67
was synthesized and dropcast onto a piece of carbon paper (ZIF-67/CP),
which was then put onto an iron sheet covered with a piece of graphite
paper (Fig. S1a). The assembly was inserted into a quartz tube purged
with Ar gas, which was placed into the center of a solenoid (Fig. 1b).
Upon the application of an AC current, the surface of the iron sheet was
heated up quickly to over 1000 °C within seconds (Fig. 1¢), owing to the
Joule's heating effect. At the induction current of 300 A or higher for just
10 s, ZIF-67 was thermoradiatively converted into Co-NC nano-
composites with Co nanoparticles encapsulated within N-doped carbon,
as manifested with a rapid color change from purple to black; whereas at
a lower current of only 200 A, the sample retained the purple color,
signifying incomplete decomposition of ZIF-67 as the MIH temperature
was too low (Fig. S1b-c). Five samples were prepared at a controlled
induction current (X = 200-600 A), and denoted as Co-NC-X (Fig. S1c).

The sample structures were first characterized by TEM measure-
ments. From Fig. 2a—e and Figs. S2-S5, it can be seen that upon MIH
treatment at 200-600 A for 10 s, nanocomposites were produced where
dark-contrast nanoparticles (dia. 5-10 nm) were embedded within a low-
contrast scaffold, and the number of nanoparticles increased with
increasing induction current, leading to an increasingly roughened
morphology. For Co-NC-200 that retained the rhombic dodecahedral
shape of ZIF-67 with a size of about 500 nm (Fig. 2a), the relatively low
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Fig. 1. (a, b) Schematic illustration of ultrafast pyrolysis of ZIF-67 by MIH, where CP denotes carbon paper. (c) Heating temperature as the function of time by using
MIH at different heating currents, as determined with an infrared thermometer. TF and HT denote conventional tube furnaces and hydrothermal methods,

respectively.

current (and hence temperature, ca. 500 °C) led to only incomplete
decomposition of ZIF-67 (Fig. S1c), thus the number of nanoparticles was
low [41]. In high-resolution TEM measurements (Fig. 2f and Fig. S2),
crystalline lattice fringes can be found in both the nanoparticles and the
low-contrast scaffold, with an interplanar spacing of 0.416 and 0.269 nm,
which can be ascribed to the enlarged (002) facet of graphitic carbon
(owing to the formation of abundant interplanar sp3 C) [42] and the
(111) facet of cubic CoO (JCPDS #43-1004), respectively. When the
induction current was increased to 300 A, a higher temperature was
reached at ca. 700 °C, which led to the production of a number of metallic
Co and CoO nanoparticles encapsulated within a rather thick amorphous
carbon layer (Fig. 2b and g and Fig. S3). The number of nanoparticles
became even higher for the Co-NC-400 (Fig. 2¢, h and k-m), Co-NC-500
(Fig. 2d and i, and Fig. S4) and Co-NC-600 (Fig. 2e and j, and Fig. S5)
samples that were prepared at even higher induction currents (temper-
atures). In addition, one can see that the metallic Co domain size
increased whereas that of CoO diminished from Co-NC-200 to
Co-NC-600, suggesting that CoO was likely the structural intermediate
during the thermal conversion of ZIF-67 to cobalt nanoparticles (vide
infra).

The lattice spacing of the carbon scaffold also exhibited a dynamic
evolution. For the samples prepared at relatively low induction currents
(i.e., Co-NC-200, Co-NC-300, and Co-NC-400) (Fig. 2f-h), the carbon
scaffold can be seen to exhibit a rather consistent d spacing of 0.412 nm,
which is markedly larger than that (0.350 nm) observed with Co-NC-500

(Fig. 2i) and Co-NC-600 (Fig. 2j). This suggests enhanced graphitization
of the latter due to a markedly higher heating temperature (up to
1500 °C) and largely defective carbon layers in the former.

XPS measurements were then performed to examine the chemical
compositions and valence states of the samples. From the survey spectra
in Fig. S6, the samples can be seen to consist of only C, N, and Co
(Tables S1-S5), suggesting successful conversion of ZIF-67 to Co-NC
nanocomposites by MIH treatment. Fig. 3a shows the high-resolution
scans of the C 1s electrons in the series of samples. One can find that
the C 1s spectrum of Co-NC-200 can be deconvoluted into two compo-
nents, sp? C of the imidazole rings at 284.6 eV and sp° C of the methyl
groups at 285.8 eV, indeed suggesting incomplete decomposition of the
ZIF-67 precursor [43,44]. For samples prepared at higher induction
currents, the C 1s spectra can be found to consist of three components, sp2
C at ca. 284.0 eV, sp3 C at ca. 284.8 eV, and oxidized C at ca. 288.0 eV.
This suggests that 2-methyimidazole in ZIF-67 was gradually decom-
posed and evolved into sp? C of the graphitic carbon layers. This was also
manifested by the change of the sp? C/sp° C ratio (Fig. 3e), which
increased from 0 for Co-NC-200 to 1.0 for CO-NC-300, and finally to ca.
1.2 for Co-NC-400, Co-NC-500, and Co-NC-600. The increasing graphi-
tization of the carbon shells over Co and CoO nanoparticles was also
manifested by the increasing surface content of C from 70.02 at% of
Co-NC-200 to 73.91 at% for Co-NC-300, 77.31 at% for Co-NC-400,
81.54 at% for Co-NC-500 and 86.81 at% for Co-NC-600 (Fig. 3e,
Tables S1-S5).
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Fig. 2. Representative TEM images of (a, f) Co-NC-200, (b, g) Co-NC-300, (c, h) Co-NC-400, (d, i) Co-NC-500, and (e, j) Co-NC-600. (k-m) TEM images of Co-NC-400

at different magnifications where the various lattice fringes are highlighted.

Consistent results were obtained in Raman measurements. From
Fig. 3f, Co-NC-200 can be seen to exhibit only a featureless baseline in the
range of 1000-2000 cm™!, suggesting no well-defined graphitic struc-
ture. By contrast, both Co-NC-400 and Co-NC-600 exhibited two prom-
inent peaks at 1333 cm ! (D band) and 1580 cm ! (G band), due to the
out-of-plane (i.e., defects) and in-plane vibrations, respectively [45].
Furthermore, the intensity ratio of these two bands (Ip/Ig) decreased
somewhat from 1.03 for Co-NC-400 to 0.93 for Co-NC-600, consistent
with increasing graphitization of the samples prepared at increasing in-
duction currents (Fig. 2f-j).

The N 1s spectra are depicted in Fig. 3b. One can see that Co-NC-200
consists of a main peak at 398.8 eV, due to the N atoms of 2-methylimi-
dazole [43]. For other samples, three N species can be resolved, pyridinic
N at ca. 398.1 eV, pyrrolic N at ca. 400.1 eV, and oxidized N (over
401.5 eV), signifying the successful doping of N into the carbon skeletons
likely by deamination of the imidazole rings and formation of graphitic C
rings during ultrafast heating [46]. Notably, one can see from Fig. 3g that
with increasing heating currents, the overall content of the N species
decreased monotonically from 18.16 at% for Co-NC-200 to 10.90 at% for
Co-NC-300, 7.96 at% for Co-NC-400, 6.64 at% for Co-NC-500, and
4.73 at% for Co-NC-600, whereas concurrently the content of pyrrolic N
increased from 1.34 at% for Co-NC-200 to 1.90 at% for Co-NC-300,
1.76 at% for Co-NC-400, 1.33% for Co-NC-500, and 2.97 at% for
Co-NC-600 (Table S1-S5), signifying that pyrrolic N became the
increasingly dominant species in the sample series. Such a trend is con-
tradictory to results in traditional pyrolysis in that pyrrolic N is ener-
getically unstable at high temperatures [47]. This suggests that MIH
might be a unique tool to create metastable N-doped carbon structures.

Fig. 3c shows the corresponding high-resolution scans of the Co 2p
electrons. One can see that Co-NC-200 consisted of a doublet at 781.1/
796.7 eV arising from the 2p3,5/2p;,2 electrons of Co®* species and a
pair of satellite peaks at 785.9/802.6 eV [48,49]. For other samples (i.e.,
X = 300, 400, 500, and 600 A), an additional doublet appeared at
777.8/793.5 eV, which can be assigned to the 2ps,2/2p; /2 electrons of
metallic Co [50]. This is consistent with the results from TEM measure-
ments where both Co and CoO lattice fringes were observed (Fig. 2 and
Figs. $2-S5). In fact, the Co?* content can be found to diminish markedly
from ca. 5.53 at% for Co-NC-200 to 4.16 at% for Co-NC-300, 4.20 at% for
Co-NC-400, 3.18 at% for Co-NC-500 and 2.21 at% for Co-NC-600,
whereas the content of metallic Co was the highest with Co-NC-600 at
0.48 at%, in comparison to ca. 0.2 at% for Co-NC-500, Co-NC-400 and
Co-NC-300, and undetectable in Co-NC-200 (Fig. 3h, Tables S1-S5). In
addition, one can see that the Co?* 2p3,» binding energy (red dashed line
in Fig. 3c) red-shifted from 781.1 eV for Co-NC-200 to 779.9 eV for
Co-NC-300, 780.1 eV for Co-NC-400, 779.7 eV for Co-NC-500, and
further to 779.3 eV for Co-NC-600 (Tables S1-S5). This suggests
increasing charge transfer from the carbon scaffold to Co®* species (CoO
or CoN, moieties), which facilitated the reduction of Co?* to metallic Co,
due to enhanced graphitization at elevated temperatures [51].

High-resolution scans of the O 1s electrons further confirm the for-
mation of CoO species except for Co-NC-200. From Fig. 3d, one can see
that no peak around 529-530 eV can be discerned in the O 1s spectrum of
Co-NC-200, whereas for other samples in the series, the peak (purple
color) can be readily deconvoluted due to metal oxide (Opeta)) [36]. In
fact, it can be seen from Fig. 3h and Tables S1-S5 that the Opetq content
increased from 0 at% for Co-NC-200 to 0.86 at% for Co-NC-300, 1.44 at%
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Fig. 3. High-resolution scans of the (a) C 1s, (b) N 1s, (c) Co 2p, and (d) O 1s electrons of Co-NC-200, Co-NC-300, Co-NC-400, Co-NC-500, and Co-NC-600. (e) Carbon
contents derived from XPS measurements. (f) Raman Spectra of Co-NC-200, Co-NC-400, and Co-NC-600. (g) Contents of total N and pyrrolic N derived from XPS

measurements. (h) Variation of the contents of different Co and O species.

for Co-NC-400, and then decreased to 1.17 at% for Co-NC-500 and 1.02
at% for Co-NC-600. Interestingly, the atomic ratio between Co®* and
Ometal decreased from 4.8 for Co-NC-300 to 2.9 for Co-NC-400, 2.7 for
Co-NC-500 and 2.2 for Co-NC-600 (Fig. 3h). The fact that all are higher
than the stoichiometric ratio (1:1) of CoO suggests the formation of CoNy
moieties [49], which likely decomposed at high temperatures, due to the
loss of the N dopants (Fig. 3g), and aggregated into CoO/Co nano-
particles in the carbon matrix.

Further structural insights of the samples were obtained from XAS
measurements. Fig. 4a depicts the Co K-edge X-ray absorption near edge
spectra (XANES) of the sample series, Co foil, and CoOOOH. One can see
that Co-NC-200, Co-NC-400, and Co-NC-600 all exhibited an absorption

edge between those of Co foil and CoOOH, suggesting an average valence
state between 0 and + 3, which is consistent with the XPS results (Fig. 3).
Meanwhile, both Co-NC-400 and Co-NC-600 showed a pre-edge feature
similar to that of Co foil at 7713 eV, confirming the formation of metallic
Co in the samples, while Co-NC-200 possessed a sharp pre-edge peak at
7710 eV, due to the 1s — 3d transitions of tetrahedral Co"™N, [52,53].
Fig. 4b shows the corresponding extended X-ray absorption fine struc-
tures (EXAFS) of the samples. One can see that none of the Co-NC samples
exhibited a profile resembling that of COOOH (which consisted of two
prominent peaks at 1.43 and 2.50 A due to Co-O and Co-Co, respec-
tively) [54]. Specifically, Co-NC-200 displayed a main peak at 1.55 A,
due to the Co-N/O bonds of the ZIF-67 precursor; and this peak became a
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6

shoulder in both Co-NC-400 and Co-NC-600, which actually featured an
intense peak at 2.10 A, due to the Co—Co bonds of metallic Co, and two
minor ones at 3.93 and 4.60 ;\, all consistent with those of Co foil [55].
From the fitting results (Figs. S7-S11, Tables S6-S10), it can be seen that
Co-NC-400 and Co-NC-600 exhibited a Co-Co bond length of 2.49 A and
a close coordination number (CN) of 7.81 and 8.07, respectively. These
CN values are smaller than that of Co foil (12), possibly due to the much
smaller sizes of the nanoparticles (Fig. 2). Meanwhile the CN of Co-N/O
was ca. 5.24 for Co-NC-200, slightly larger than the theoretical value (4)
of the Co-N bonds in ZIF-67, likely due to the partial oxidation/de-
composition of the precursor. Taken together, these results are consistent
with those from the above TEM and XPS measurements.

3.2. Electrocatalytic activity

Electrochemical measurements were then carried out to evaluate and
compare the electrocatalytic activity. Fig. S12 shows the cyclic voltam-
mograms (CVs) of the sample series within the non-Faradaic potential
range of —0.1 to +1.1 V. It can be seen that the double-layer charging
currents were significantly lower for Co-NC-200 and Co-NC-300 than for
Co-NC-400, Co-NC-500, and Co-NC-600 (Co-NC-600 also shows a small
anodic peak at +0.4 V due to the oxidation of surface metallic cobalt
[56]). In fact, the electrode double-layer capacitances (Cqp) can be esti-
mated to be 3.34 mF cm 2 for Co-NC-200 and 2.51 mF cm 2 for
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Co-NC-300, reached the highest at 86.19 mF cm 2 for Co-NC-400, and
then decreased slightly to 79.92 mF cm 2 for Co-NC-500 and
77.25 mF ecm ™2 for Co-NC-600 (Fig. S13). This suggests that Co-NC-400
possessed the highest electrochemical surface area (ECSA), a unique
feature conducive to the accessibility of the catalytic active sites and the
eventual electrocatalytic activity.

The OER polarization curves in 1 M KOH are depicted in Fig. 5a. One
can see that similar to commercial RuO,, all Co-NC nanocomposites
exhibited a sharp increase of the voltammetric current with a positive
sweep of the electrode potential beyond +1.4 V, suggesting apparent
OER activity. Yet, the OER activity varies among the samples. In fact, Co-
NC-400 can be seen to stand out as the best OER catalyst amongst the
series, with an 77 of +308 mV and 7299 of +410 mV. The overpotentials
are much higher for Co-NC-200 (+364 mV and over +600 mV), Co-NC-
300 (+340 mV and +500 mV), Co-NC-500 (+330 mV and +530 mV) and
Co-NC-600 (+347 mV and over +600 mV), whereas for commercial
RuO,, +230 mV and +450 mV (Fig. S14). That is, 400 A turned out to be
the optimal heating current for the ultrafast treatment of ZIF-67, and Co-
NC-400 even outperformed RuO; at high current densities (e.g., over
150 mA cm™2) as well as relevant Co-based nanocomposites reported
recently in the literature (Table S11).

The Tafel plots are shown in Fig. 5b. One can see that Co-NC-400
featured a Tafel slope of 99.6 mV dec ™!, Co-NC-200 displayed a similar
one at 98.2 mV dec’l, whereas for Co-NC-300, Co-NC-500, and Co-NC-
600, their Tafel slopes are markedly higher at 115.9 mV dec?,
135.4 mV dec !, 133.7 mV dec?, respectively (Fig. 5b). This suggests
that the Co-NC-400 sample possessed the most facile electron-transfer
kinetics in OER as compared to other samples in the series. In addition,
RuO3, can be seen to display a low Tafel slope (47.5 mV dec™1) in the low
overpotential region (+1.40 to +1.50 V vs. RHE), but a markedly higher
one at 174.9 mV dec™! at high overpotentials, suggesting sluggish ki-
netics in producing high OER currents [57]. Consistent results were ob-
tained from electrochemical impedance spectroscopy  (EIS)
measurements. From the Nyquist plots acquired at the overpotential of
+300 mV (Fig. 5¢), one can see that Co-NC-400 exhibited the lowest
charge transfer resistance (Rt = 15.33 Q), as compared to 25.67 Q for
Co-NC-600, and 42.62 Q for CO-NC-200.

The nanocomposites also manifested excellent stability towards OER.
One can see from Fig. 5d that at the overpotential of 729, Co-NC-400
retained its initial current density for 20 h without an apparent decay
(the slight fluctuation was due to the accumulation of oxygen bubbles on
the electrode surface, and the currents were recovered once the bubbles
were shaken off); and the corresponding polarization curves showed a
negligible shift over time (Fig. 5e). In contrast, Co-NC-200 actually
exhibited an increase of the current density in the first 2 h and then
maintained it for the next 18 h. The polarization curve also showed a
negative shift in the first 5 h and a slightly positive shift after 20 h,
implying electrochemical activation likely due to a significant structural
rearrangement (recall that the sample involved only incomplete
decomposition of ZIF-67). Co-NC-600 also possessed a rather stable i-t
profile for 20 h; and the polarization curve remained virtually unchanged
in the first 5 h, but showed a significant negative shift after 10 h, denoting
drastic structural dynamics. As for commercial RuO,, both the i-t profile
(Fig. 5d) and polarization curves (Fig. 5e) exhibit a substantial decay (ca.
34% of the initial current was lost at 20 h), signifying structural insta-
bility during prolonged operation. These results indicate that the Co-NC
samples possessed markedly enhanced stability toward OER, as
compared to commercial RuOs.

Notably, when Co-NC-400 was subject to acid leaching in 0.5 M
H,S04 at 80 °C for 8 h, the OER activity diminished significantly (Fig.
S15), with 71 increased to +440 mV and 739 to ca. +600 mV. TEM
measurements showed that almost all nanoparticles vanished after the
acid treatment (Fig. S16). Concurrently, the peaks of metallic Co and
metal-O disappeared from the Co 2p and O 1s XPS spectra, whereas Co?*
and N remained detectable, suggesting retention of the CoN, moieties in
the carbon matrix (Fig. S17). This implies that the OER activity was
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Fig. 5. (a) OER Polarization curves of the sample series and commercial RuO, in 1 M KOH with a scan rate of 10 mV s~ L. (b) Tafel plots of the Co-NC samples and
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primarily due to the Co/CoO nanoparticles, with only a minimal
contribution from the CoN, moieties.

3.3. Mechanistic study

To further unravel the mechanistic origin of the OER activity, XPS
measurements were carried out with three select Co-NC samples (Co-NC-
200, Co-NC-400 and Co-NC-600) after 10 scans of the OER polarization
curves. From the Co 2p spectra in Fig. S18, all three samples can be seen
to exhibit a primary peak at ca. 779 eV, suggesting the formation of Co>*
species, most likely due to the oxidation of Co at high electrochemical
potentials, and concurrently the disappearance of the 777.8 eV peak in-
dicates the total absence of metallic Co® on the sample surface. In addi-
tion, the binding energy of the Co?* 2p electrons remained lower in Co-
NC-400 and Co-NC-600 than in Co-NC-200. Note that such electron-
enriched sites are preferred for OER. This is because in an electron-rich
state, the d electrons of Co may extend across the Fermi level, creating
half-occupancy eg orbitals for the Co atoms, which facilitates the
coupling of the *OH groups, promotes proton-coupled electron transfer,
and enhances the chemisorption of *OOH intermediates and hence O,
production [46,58]. From the O 1s spectra (Fig. S19), a new peak can be
seen to emerge at ca. 528.8 eV for all three samples, which can be
ascribed to the O atoms in oxyhydroxides (OOH) [43], suggesting the
formation of CoOOOH species on the catalyst surface. Notably, the total
content of the Co species was similar at ca. 10 at% for Co-NC-200 and
Co-NC-400, but drastically lower at 7.4 at% for Co-NC-600 (Fig. S20),
which were all much higher than those of their as-produced counterparts
(Tables S1, S3 and S5). This surface enrichment of the Co species suggests
that a dissolution-redeposition process likely occurred during OER

operation [59]. Furthermore, from the N 1s spectra (Fig. S21), one can
see that the contents of the N species diminished significantly after OER
electrochemistry, from 18.16 to 5.43 at% for Co-NC-200, 7.96 to 1.48 at
% for Co-NC-400, and 4.73 to 1.51 at% for Co-NC-600. This implies that
the N species (i.e., CoN, moieties) were unlikely the major contributors
to the high and stable OER performance, in accord with results from the
acid-etching experiment (Figure S15).

Consistent results were acquired in TEM measurements. As shown in
Fig. 5§22, Co-NC-200 completely collapsed into flaky-like structures after
the OER tests, exhibiting clear lattice fringes with a d spacing of 0.198 nm
that is consistent with the (104) facets of COOOH [60]. By contrast, the
carbon scaffold of Co-NC-400 retained the original structure and facili-
tated the formation of abundant CoOOH species on the sample surface
(Fig. §23). Co-NC-600 exhibited a similar phenomenon with the forma-
tion of CoOOH (Fig. S24). Nevertheless, the amount of CoOOH species
was apparently lower than that in Co-NC-400, likely because the high
degree of graphitization limited the access of the encapsulated Co/CoO
nanoparticles to electrolyte solutions and hence the oxidation into
CoOOH. This is indeed confirmed in operando XAS measurements
(Figure S25), as detailed below.

Fig. 6a shows the Co K-edge XANES profiles of Co-NC-400 acquired
with the electrode potentials varied from open circuit potential (OCP)
to +1.6 V. One can see from the figure inset that the absorption edge
shifted slightly to a higher energy upon the application of a higher
electrode potential, suggesting an increase of the Co valence state. In
the corresponding EXAFS profiles in Fig. 6b, the peak of the metallic
Co—Co bonds (2.1 [o\) can be seen to diminish in intensity, and concur-
rently, that of the Co-O bonds (at ca. 1.4 [o\) became intensified, with
increasingly positive electrode potentials, suggesting that metallic co-
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balt was slowly converted into CoOOH species, consistent with results
from ex situ XPS and TEM measurements (Figures S18, S19 and $23).
The fitting results are shown in Fig. S26-S27 and Table S12, where the
CN of Co-Co can be seen to decrease from 6.13 to 4.01 while that of
Co-O increased from 2.25 to 4.88, consistent with the oxidation of
metallic Co into Co-O species under high electrode potentials. As for
Co-NC-200 (Fig. 6¢), one can see the absorption edge shifted to a
significantly higher energy upon the application of a more positive
electrode potential, indicating that Co-NC-200 was more susceptible to
electrochemical oxidation, most likely due to a low degree of carbon-
ization, as compared to Co-NC-400 and Co-NC-600. Fig. 6d shows the
corresponding EXAFS curves, which can be seen to evolve into a profile
resembling that of COOOH (Fig. 4b) with the application of increasingly
positive potentials, indeed confirming a ready transformation into
CoOOH by electrochemical oxidation. In fact, one can see that a new
peak appeared at 2.55 A at +1.25 V and migrated to 2.71 A at +1.6 V,
which can be assigned to the Co-Co path in CoOOH, and the peak
became intensified at higher potentials, due to the formation of a larger
amount of CoOOH, as observed in TEM measurements (Fig. S22). Fit-
tings of the EXAFS data (Figs. S28, S29, and Table S13) showed that the
CN of Co-O/N increased from 4.08 to 6.03, signifying the conversion of
the Co-N4 moieties into the Co-Og units in CoOOOH.

Note that each scan in operando XAS measurements took ca. 20 min,
which might be insufficient for the materials to undergo a thorough phase
transformation. To further probe the valency and structural changes that
occurred at high potentials, ex situ XAS measurements were conducted

with Co-NC-200, Co-NC-400, and Co-NC-600 after continuous OER
operation for 20 h. As shown in Fig. S30, Co-NC-200 can be seen to exhibit
an absorption edge similar to that of COOOH, and Co-NC-400 and Co-NC-
600 showed a marked increase of the absorption edge energy towards that
of CoOOH, as compared to their as-prepared ones, consistent with the
positive shift of the Co 2p binding energy as observed in XPS measure-
ments (Fig. S18). Analysis of the EXAFS profiles (Fig. S31) and the cor-
responding fitting results (Fig. S32-S34, Table S14-S16) further
elucidated that Co-NC-200 was transformed into CoOOH. Interestingly,
Co-NC-400 and Co-NC-600 completely lost their metallic features, with
no more Co-Co peaks at around 2.10 A. This suggests that metallic Co is
unlikely to contribute to the OER activity. Meanwhile, both samples
exhibited a peak at 2.91 A, due to the Co at the octahedral site of Co'"-Og
and Co at the tetrahedral site of Co'™-0,4, which was not found in Co-NC-
200. In fact, such a feature normally exists in Co304 spinels [54,61]. This
suggests that the metallic Co was electrochemically transformed into
Co'-0, during the prolonged operation, and the produced CoOOH spe-
cies was responsible for the observed OER activity by facilitating the
adsorption of oxygen intermediates [62]. This was most likely aided by
the defective carbon shells that encapsulated the Co/CoO nanoparticles
such that accessibility by electrolyte species was not completely impeded.

4. Conclusions

In summary, MIH was successfully exploited for the ultrafast prepa-
ration of Co-NC nanocomposites from ZIF-67 where Co/CoO
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nanoparticles were encapsulated with defective N-doped carbon layers.
The sample prepared at 400 A for 10 s, Co-NC-400, was found to exhibit
the best performance towards OER in alkaline media, with a low 71¢ of
+308 mV and #7399 of +410 mV, and even outperformed commercial
RuO; at high overpotentials and relevant Co-based nanocomposites re-
ported recently in the literature. The combined results from ex situ and
operando microscopic and spectroscopic measurements showed that
metallic Co species were electrochemically transformed into CoOOH,
which acted as the catalytic active sites, and the activity was likely
enhanced by charge transfer from the graphitized carbon shells that was
also responsible for the excellent stability of the nanocomposite catalysts.
Results from this study underline the unique significance of MIH in the
design and engineering of high-performance electrocatalysts from low-
cost precursors (Fig. S35).
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