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ABSTRACT

Herein, we develop a transient heating-quenching strategy triggered by Joule heating for the synthesis of single-atom cobalt- and
nitrogen-doped graphene materials with three-dimensional porous monolithic architecture (denoted as CoNG-JH). The ultrafast
Joule heating procedure simultaneously enables the reduction of graphene oxide and the incorporation of metal and nitrogen
atoms into the graphene matrix within 2-second period. Meanwhile, the transient quenching avoids the extended heating-induced
atom aggregation, ensuring the rapid and stable dispersion of atomic-scale CoN, active sites in graphene. Additionally, the
interconnected macropores and nanopores formed by the self-assembly of graphene sheets facilitate the unimpeded ion and gas
transport during the catalytic process. When used as an electrode for the hydrogen evolution reaction (HER), the fabricated free-
standing CoNG-JH exhibits high catalytic activity and durability with a low overpotential of 106 mV at 10 mA-cm™ and a small
Tafel slope of 66 mV-dec™ in 0.5 M H,SO, electrolyte. The presented synthesis and design strategy open up a rapid and facile

route for the manufacturing of single atom catalysts.
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1 Introduction

Single-atom catalysts (SACs), as a new frontier in catalysis, have
attracted worldwide research attention due to the unique
coordination environments and maximized atom-utilization
efficiency [1-3]. Recently, SACs have been deeply developed to
achieve high-efficiency activity in energy-related conversion
applications with different strategies, such as electronic metal-
support interaction (EMSI), adjacent atomic modulation effect,
support-defect engineering strategy and so on [4-7]. On the other
hand, graphene, with large surface area, excellent (electro-)
chemical stability and high electrical conductivity, has been
extensively employed to support metal single atoms to prevent
atom aggregation originated from high surface free energy [8]. To
further tailor the physicochemical properties of graphene,
substitutional doping with heteroatoms (N, P, §, etc.) is proved as
a versatile means to endow graphene with extended performance
and abundant anchoring sites for SACs [9, 10]. As a unique class
of SACs, atomically dispersed transition metals embedded in
nitrogen-doped graphene-like carbons (M-N-Cs) have been
identified as the most promising alternative to precious-metal-
based materials in electrocatalytic applications, including the
technologically ~ important  hydrogen evolution  reaction
(HER) [11,12]. Nevertheless, extensive efforts are required to
explore new synthetic strategies toward M-N-C materials and
further improve their electrocatalytic performance in order to
address the challenges in practical applications.

In terms of the synthesis of M-N-Cs, the pyrolysis treatment at

high temperature is the most widely adopted approach to
achieving the co-doping of metal and nitrogen atoms in graphene
matrix [13-16]. However, the pyrolysis process usually takes tens
of minutes to several hours, which is not only time- and energy-
consuming, but also tends to induce the aggregation of metal
atoms [17]. Thus, it is necessary to seek a rapid and facile strategy
with prospect of industrial application to synthesize M-N-Cs.
Recently, Hu et al. fabricated a series of uniform, high-density and
size-controllable multimetallic nanoparticles via an ultrafast
carbothermal shockwave process triggered by Joule heating with
the flash heating and cooling capability (ramp rates up to the
order of 10° K-s™) [18-21]. Taking a step further, they synthesized
single-atom dispersed Pt-C materials with superior thermal
stability via the transient high-temperature pulse technique [22].
The high-temperature heating process can provide the activation
energy for the dispersion of metal atoms on the substrates, while
the rapid quenching process can prevent the extended heating-
induced atom aggregation.

In general, M-N-Cs were prepared in powdery form and thus
polymer binders would be inevitably introduced during the
process of preparing electrodes for electrocatalytic measurements,
which could impede mass transport and block exposed active sites,
leading to unsatisfactory performance [23,24]. To this end,
constructing self-supporting monolithic M-N-C electrodes could
circumvent the problems encountered in traditional slurry-based
electrodes [25,26]. Additionally, the HER process occurs at the
solid-liquid-gas triple-phase interfaces, including surface reaction,
electron transfer and mass diffusion [27]. Thus, exposing more
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active sites to the interfaces has become a key design principle of
high-performance M-N-C electrodes [28]. Further, introducing
porous structures to the self-supporting electrode is of vital
importance to improve mass transport efficiency and enhance the
utilization efficiency of the active sites in M-N-C materials [12,
29]. Particularly, macroporous skeleton structures can reduce the
tortuosity of the electrode and facilitate the mass transfer of
reactants (protons) and products (hydrogen gases) during the
HER process [30, 31].

Herein, we employed an ultrafast Joule heating approach to
synthesizing a self-supporting and porous M-N-C single-atom
monolith. As a typical demonstration, the Co-N-C sites integrated
into the porous graphene-based monoliths (CoNG-JH) were
achieved via a hydrothermal self-assembly process and a transient
Joule heating technique. With the 2-second Joule heating
technique, the nitrogen and cobalt atoms are efficiently co-
embedded into the defect sites of graphene along with the
reduction of graphene oxide (GO), and the transient quenching
avoids the extended heating-induced atom aggregation, ensuring
the rapid and stable dispersion of atomic-scale CoN, active sites in
graphene. The three-dimensional interconnected macropores and
nanopores constructed by entangled graphene sheets facilitate
electrolyte penetration, jon diffusion and gas removal during the
HER process. When directly used as an electrode for catalyzing
the HER, the monolithic CONG-JH exhibits a low overpotential of
106 mV to reach a current density of 10 mA-cm?, a small Tafel
slope of 66 mV-dec' and long-term durability in 0.5 M H,SO,
electrolyte.

2 Results and discussion

2.1 Synthesis and structural characterization

Figure 1 illustrates the synthesis procedure of the self-supported
porous CoNG-JH film and the designed advantageous features for
the HER process. Briefly, GO precursor was firstly reacted with
aqueous ammonia to form the amine-functionalized GO (AGO),
which can provide nitrogen doping sources in the following step.

(a) NH;-H,0
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Then, controlled amounts of cobalt salts and ethanol were
introduced into AGO solution, which was hydrothermally self-
assembled into the Co-containing AGO (CoAGO) hydrogel. The
introduction of ethanol as co-solvent can affect the crystallization
behavior of ice growth by decreasing the freezing point during the
ice-templated freezing treatment. The monolithic CoAGO
hydrogel with desired thickness was freeze-dried to form CoAGO
aerogel with hierarchically porous architecture. Subsequently, the
aerogel film was subjected to electrically-triggered 2-second Joule
heating process under NH; atmosphere. NH; was introduced as
secondary nitrogen doping source besides the amino groups from
AGO. The high-energy environment from Joule heating could
provide the activation energy for the dispersion of metal atoms,
the removal of oxygen functional groups in GO and the ejection of
carbon atoms as CO, or CO with the formation of defects [32].
The defects in graphene as excellent anchoring sites could
coordinate with N and Co atoms to form the Co-N-C sites
integrated into graphene to finally achieve CoNG-JH.
Furthermore, the instantaneous quenching could avoid the
extended heating-induced atom aggregation, thus ensuring the
stable existence of the single-atom CoN, moieties in graphene. As
control samples, NG-JH and CoG-JH were prepared following the
same synthetic procedure of CONG-JH except that no cobalt salts
or nitrogen sources were introduced, respectively.

The morphology, pore structure and compositions of the as-
prepared monolithic films were investigated by different
characterization techniques, as shown in Fig. 2. Top-view and
cross-section scanning electron microscopic (SEM) images show
the three-dimensional interconnected macroporous skeleton
structures of CoNG-JH and the diameter of the macropores
ranges from 10 pm to 20 um (Figs. 2(a) and 2(b)). The inset
optical image in Fig. 2(a) displays the monolithic film of CoNG-
JH. Transmission electron microscopic (TEM) images show that
the macroporous wall structure of CoNG-JH consisting of
entangled graphene sheets (Fig. 2(c) and Fig. S1 in the Electronic
Supplementary Material (ESM)). In addition, no Co aggregates
were observed in TEM images at different magnifications,
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Figure1 Fabrication of the monolithic porous CoNG-JH film by self-assembly and Joule heating. (a) Schematic of the preparation procedure of the self-supported
CoAGO hydrogels: amino-functionalization of GO, adding cobalt salts, and hydrothermally self-assembled into hydrogels. (b) Schematic of the electrical Joule heating
process of CoAGO aerogel films: heating/quenching was realized instantaneously with on/off status. (c) Design strategy of CoNG-JH electrode for hydrogen
production: macropores and nanopores created by the self-assembly of graphene sheets can effectively promote mass transport and expose more active sites to the HER
interfaces; ultrafast Joule heating ensures the rapid formation of atomic CoN, moieties and avoids the generation of nanoparticles.
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Figure2 Characterization of the morphology, porous structure and
compositions. (a) and (b) Top-view and cross-section SEM images of CONG-JH,
showing the interconnected macroporous skeleton structures. The inset shows
the optical image of the monolithic CONG-JH film. (c) TEM image of CoNG-
JH, showing the wall structure formed by entangled graphene sheets. (d)
Nitrogen adsorption and desorption curves of CONG-JH. The inset shows the
pore-size distribution curve of CONG-JH. (e) Raman spectra of CONG-JH, CoG-
JH, CoAGO and CoGO. (f) FT-IR spectra of CONG-JH, CoG-JH, CoAGO and
CoGO. (g) XPS survey spectra of CONG-JH and control samples (CoG-JH and
NG-JH). The inset chart shows the atomic percentages of carbon, nitrogen,
oxygen and cobalt in CONG-JH measured by XPS.

indicating that Co atoms may be atomically dispersed on
graphene sheets. Nitrogen adsorption and desorption analysis was
carried out to investigate the porosity of CoNG-JH. CoNG-JH
possesses a Brunauer-Emmett-Teller (BET) specific surface area of
203 m*g" and exhibits the type-IV isotherm with a hysteresis loop,
implying the existence of abundant mesopores (Fig. 2(d)) [33-35].
Pore-size distribution curve reveals the multi-scale porosity of
CoNG-JH with the coexistence of micropores, mesopores and
macropores, as shown in the inset of Fig.2(d) [36]. The
electrochemical surface area (ECSA) was estimated by measuring
the double-layer capacitance (Cy) (Fig. S2 in the ESM). CoNG-JH
exhibits a significantly higher Cy of 86 mF-cm™ than that of
powdered catalysts [37,38], which confirms the role of
hierarchically porous architecture in the exposure of
electrochemically active interfaces. Within the three-dimensional
hierarchically porous architecture, the graphene sheets serve as the
supports for dispersing single-atom CoN, sites, while the
macroporous skeleton and nanopores provide the interconnected
highway to transport the reactants (protons) and products
(hydrogen gases).

Raman spectra in Fig. 2(e) exhibit the disorder-induced D-band
at 1,345 cm™ and graphitic carbon-related G-band at 1,585 cm™
[39,40]. The Iy-to-I; ratio of CoNG-JH and CoG-JH is higher
than CoAGO and CoGO precursors before Joule heating,
suggesting that the ultrafast Joule heating process promoted the
generation of defect sites, which could serve as anchoring sites for
single-atom Co-N-C moieties. Fourier-transform  infrared
spectroscopy (FT-IR) spectra were measured to probe the
structural changes induced by Joule heating, as shown in Fig. 2(f).
The number of oxygen-containing functional groups in CoAGO
and CoGO precursors was significantly decreased after
transforming to CoNG-JH and CoG-JH, which manifests the high
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efficiency of the 2-second Joule heating in the reduction of
graphene oxide. The compositions of CoNG-JH and control
catalysts were investigated by X-ray photoelectron spectroscopy
(XPS). The XPS survey spectra reveal the presence of C, N and O
elements and the peak intensity of Co is negligible due to its low
content (Fig. 2(g)). CONG-JH consists of 88.8 at.% C, 4.6 at.% N,
6.4 at.% O and 0.2 at.% Co, as summarized in the inset of Fig. 2(g).
The content of Co element for CONG-JH was further determined
to be ~ 081 wt% by inductively coupled plasma mass
spectrometry (ICP-MS).

2.2 Analysis of composition, chemical state and atomic
structure

To further study the composition of the monolithic Co-N-C
materials, X-ray diffracion (XRD) measurements were
performed. Figure 3(a) shows two characteristic peaks at 25.8° and
42.5° belonging to (002) and (100) planes of graphitic carbon for
CoNG-JH with different Co contents. There existed a weak
diffraction peak at 44.2° belonging to (111) plane of Co crystal for
1.5CoNG-JH (that was prepared with 1.5 times as high as Co
feeding ratio during preparation compared to the optimal sample)
[41], while no diffraction peaks indexed to Co crystal were
observed in CoNG-JH. The XRD results suggest that the cobalt
species in CoNG-JH are highly dispersed in graphene sheets and
the excessive addition of Co precursor can promote the formation
of Co nanoparticles. The chemical states of CoONG-JH and control
catalysts (NG-JH and CoG-JH) were probed by the high-
resolution XPS spectra. The XPS C 1s and O 1s spectra of CONG-
JH were provided in Fig. S3 in the ESM. The XPS N 1s spectra in
Fig. 3(b) were deconvoluted into four peaks arising from N-
Co/pyridinic N (398.5 eV), pyrrolic N (400.1 eV), graphitic N
(401.5 eV) and oxidized N (403.2 eV) [42]. It is noted that the
content of N-Co/pyridinic N in CoNG-JH is significantly higher
than that of NG-JH, indicating the formation of CoN, moieties in
CoNG-JH. Moreover, the chemical state of Co element in CoNG-
JH and 1.5CoNG-JH was probed by the XPS Co 2p spectra
(Fig. 3(c)). There existed two dominant peaks at 780.5 and
7959 eV for CoNG-JH, corresponding to the Co 2ps;, and 2p,,,
levels, respectively, which can be ascribed to the atomically
dispersed CoN, moieties [28,43]. A shift to lower binding energy
of Co 2py, and 2p,, peaks was observed for 1.5CoNG-JH,
indicating the formation of metallic Co, in agreement with the
XRD results [44]. The atomic-resolution annular dark-field
scanning transmission electron microscopic (ADF-STEM) images
clearly reveal that the isolated Co atoms (bright dots) with size of
~ 2 A disperse individually in CONG-JH (Figs. 3(d) and 3(e)). The
elemental mapping images in Fig. 3(f) show that the C, N and Co
elements distribute uniformly over the graphene sheets in CONG-
JH. Combining the results of TEM, XRD, XPS and ADF-STEM,
CoNG-JH synthesized via the ultrafast Joule heating technique has
atomically dispersed CoN, moieties integrated into the graphene
sheets without Co aggregates.

2.3 Electrocatalytic performance toward HER

The HER activities were evaluated in a standard three-electrode
configuration in 0.5 M H,SO, electrolyte. The monolithic CONG-
JH film was directly used as working electrode without the
addition of conductive additive or polymer binder, greatly
simplifying the electrode preparation process. All polarization
curves were subjected to background and iR correction, as
illustrated in Fig.S4 in the ESM [45]. The optimal CoNG-JH
electrode has an average areal mass loading of 1.0 mg-cm™ with a
thickness of 1.5-2 mm (Fig. S5 in the ESM). Optimization on the
Co content indicates that the atomically dispersed CoN, moieties
play a dominant role in the HER and the excessive addition of Co
would not lead to further increase in catalytic performance (Fig. S6
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Figure 3 Analysis of composition, chemical state and atomic structure. (a) XRD patterns of the monolithic Co-N-C materials with different cobalt contents for NG-
JH, 0.5CoNG-JH, CoNG-JH and 1.5CoNG-JH. (b) XPS N 1s spectra of CONG-JH and NG-JH. (c) XPS Co 2p spectra of CONG-JH and 1.5CoNG-JH. (d) and (e) ADF-
STEM images at different magnifications for CONG-JH, showing that the single Co atoms well dispersed in the carbon matrix. The inset in (e) shows an individual Co
atom with the size of ~ 2 A. (f) STEM image and corresponding elemental mapping images of CONG-JH.

in the ESM). The effect of Joule heating atmosphere (Ar versus
NH;) on HER activity was studied (Fig. S7 in the ESM). For the
preparation of CoNG-JH, NH; was introduced in the Joule
heating atmosphere as secondary nitrogen doping source in
addition to the amino groups of AGO to facilitate the generation
of more electro-active CoN,, sites, resulting in higher HER activity
than control samples prepared with solo/no nitrogen source.
Figure 4(a) shows the polarization curves of CoNG-JH and
control catalysts (CoG-JH and NG-JH), along with the
commercial Pt/C as reference. It is notable that CONG-JH requires
a significantly smaller overpotential (1) of 106 mV to deliver a
current density of 10 mA-cm™ than NG-JH (7, = 422 mV) and
CoG-JH (1,0 = 366 mV), indicating the critical role of the
atomically dispersed CoN, active sites in CoNG-JH [46,47].
Additionally, the facilitated reaction kinetics of CoNG-JH is
further manifested by the electrochemical impedance spectroscopy
(EIS), revealing that it has a lower charge transfer resistance in
comparison with CoG-JH and NG-JH (Fig.S8 in the ESM).
Benefiting from the hierarchically porous architecture, the self-
supporting CoNG-JH electrode exhibits a higher activity than
CoNG-JH-slurry electrode (1, = 170 mV) prepared by
conventional drop-casted method due to the improvement of
mass transfer efficiency (Fig.S9 in the ESM). The monolithic
CoNG-JH electrode exhibits superior HER activity compared with
the state-of-the-art Co-based SACs reported recently (Fig. 4(b)
and Table S1 in the ESM), such as Co-SAs/PTF-600 (77,, = 94 mV)
[48], Co-P|N; (1730 = 98 mV) [49], Co/NCNT/NG (7, = 123 mV)
[38], CoNG-CI (1,0 = 130 mV) [50], Co-SAS/HOPNC (1, =
137 mV) [51], Co-NG-5010-10 (r7,, = 146 mV) [52], Co-NG (17,
= 147 mV) [42], and Co-NG-MW (17, = 175 mV) [17]. The Tafel
slopes for CONG-JH, CoG-JH, NG-JH and commercial Pt/C were
determined from the polarization curves in Fig. 4(a) and CoNG-
JH exhibits a smaller Tafel slope of 66 mV-dec' compared with
control catalysts (Fig. 4(c)). Moreover, turnover frequency (TOF)
was estimated by assuming each Co center as one active site to
assess the intrinsic activity of CoONG-JH, as illustrated in Fig. 4(d).
CoNG-JH, with the TOF values of 0.36 s* at # = 100 mV and
1.18 s™ at 7 = 150 mV, exhibits comparable intrinsic activity with
previously reported catalysts, such as Co-NG (0.1 s* at # = 100
mV) [42], Co-NG-MW (0.38 s* at # = 100 mV) [17], Co-
SAS/HOPNC (041 s™ at # = 100 mV) [51], Co-P|N; (1.6 s" at 7 =
100 mV) [49], CoP (0.046 s™ at # = 100 mV) [53], MoP (0.024 s
at 7 =100 mV) [54], MoN,C, (0.84 s™ at # = 150 mV) [55], and P-
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Figure4 Electrocatalytic performance toward HER. (a) LSV curves after iR
and background correction for CONG-JH, CoG-JH, NG-JH and 20 wt.% Pt/C
at the scan rate of 1 mV-s™ in 0.5 M H,SO,. (b) Comparison of HER activities in
terms of 7, between CoNG-JH and the state-of-the-art Co-based SACs
reported recently. (c) Tafel slopes for CONG-JH, CoG-JH, NG-JH and Pt/C. (d)
TOF values of CONG-JH at different overpotentials along with other recently
reported catalysts. (e) Stability of CoONG-JH evaluated by the #—t curve at the
current density of 10 mA-cm” for 48 h. The inset curve shows the polarization
curves of CONG-JH before and after 10,000 CV cycles. (f) High-resolution XPS
Co 2p spectra of CONG-JH before and after accelerated cycling.

1T MoS, (0.5s" at 7 =153 mV) [56].

In addition to the catalytic activity, the electrocatalytic stability
is also a very important factor in practical applications. Figure 4(e)
shows the stability test of CONG-JH by the galvanostatic technique
at the current density of 10 mA-cm™ and it exhibits a slightly
increased overpotential by ~ 10 mV after 48 h, suggesting the
excellent stability of CoNG-JH. Additionally, cyclic stability tests
up to 10,000 CV cycles confirm that CoNG-JH is
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electrocatalytically stable (inset of Fig. 4(e)). To probe the possible
structural and compositional changes induced by long-term
stability test, CONG-JH after accelerated cycling was characterized
by SEM, ICP-MS, ADF-STEM and XPS, as displayed in Fig. 4(f),
Figs. S10 and S11, and Table S2 in the ESM. The cycling operation
did not change the interconnected porous structures, Co content
and atomic Co dispersion, revealing the excellent stability of
morphology and atomic structure of CoNG-JH. Co 2p XPS
spectrum for CoNG-JH after cycling maintains two dominant
peaks at 780.5 and 795.9 eV ascribed to CoN, without metallic Co-
related peaks, suggesting the stable existence of the atomically
dispersed CoN, moieties. Therefore, the excellent electrocatalytic
stability of CoNG-JH can be attributed to the robust
interconnected porous structures conducive to mass transport and
exposure of active sites and the chemically stable CoN, moieties.

3 Conclusions

In summary, we have reported a rapid and facile Joule heating
approach to successfully synthesize a self-supported graphene-
based Co-N-C single-atom monolith. The ultrafast Joule heating
process ensures the rapid formation of atomic CoN, sites, and the
instantaneous quenching avoids the extended heating-induced
atom aggregation. The CoN, moieties serve as HER-active centers,
while the three-dimensional hierarchically porous architecture
promotes the mass transfer efficiency. Benefiting from these
advantageous features, the as-prepared monolithic CoNG-JH
electrode exhibits high activity and stability for electrochemical
hydrogen generation. The ultrafast Joule heating/quenching
procedure enables the rapid and stable dispersion of single atoms
on graphene, which provides an economical and highly efficient
route for carbon-based single-atom manufacturing for potential
practical applications.

4 Experimental

4.1 Preparation of CONG-JH

Graphene oxide (GO) was firstly prepared by thermal expansion
and oxidation of graphite flakes (50 mesh) based on the modified
Hummers’ method [57]. The amine-functionalized GO (AGO)
was prepared through adding dropwise 1 mL NH;-H,O solution
(30%) into 10 mL GO aqueous suspension (2 mgmL™) with
magnetic stirring, after which the homogeneous mixture was
sealed in a 50 mL autoclave for 5 h at 70 °C. After cooling to room
temperature, the purified AGO was obtained after repeated water
washing and centrifugation to remove the excessive NH;-H,O.
Then, the AGO solution (20 mg) was mixed with 100 uL
CoCl,-6H,0 (3 mgmL™) and ethanol (volume ratio in mixture:
10 vol.%) by magnetic stirring for 2 h, after which the
homogeneous mixture (weight ratio of AGO : Co = 269 : 1) was
sealed in a 100 mL autoclave for 12 h at 120 °C. After
hydrothermal process, the self-assembled hydrogel was sliced into
thin monolithic film with desired thickness and then freeze-dried
to obtain Co**-containing AGO (CoAGO) aerogel. Subsequently,
the CoAGO aerogel precursor was subjected to an ultrafast
electrically-triggered Joule heating process for 2 s in NH;
(100 sccm) to achieve the final catalyst CONG-JH. The synthesis
process of control catalysts NG-JH/CoG-JH was similar to that of
CoNG-JH except that no cobalt salts were added for NG-JH and
no nitrogen sources were introduced for CoG-JH by using GO as
precursor and Ar (100 sccm) as the carrier gas during the Joule
heating process.

4.2 Rapid Joule heating method

The aforementioned CoAGO aerogel precursors were suspended
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on glass slides by connecting each monolithic film with
appropriate size (1.5 cm x 0.5 cm) to two copper electrodes with
silver paste. The Joule heating synthesis of the monolithic films
was conducted in a quartz tank with flowing NH; or Ar
atmosphere. The electrical pulse process with transient
heating/cooling was achieved by the sweep function of Keithley
2425 SourceMeter as the external power source. After
optimization, the current source of 1 A and heating duration of 2 s
were selected as the optimal condition of electrical pulse. The
shorter heating duration (< 2 s) can result in partial lighting of the
monolithic films because of a limited amount of time for heat to
dissipate throughout the entire sample, while the longer heating
duration can result in the extended heating-induced atom
aggregation.

4.3 Material characterizations

The structure and morphology of catalysts were investigated by
XRD (Bruker, D8 Advance), Raman spectrometer (Renishaw
inVia-reflex, 532 nm laser), FT-IR (Bruker, Vertex 70) and SEM
(COXEM EM-30 Plus). The specific surface area and pore size
distribution were measured by N, adsorption-desorption
experiment on Micromeritics ASAP 2460. The metal content of
samples was measured by ICP-MS (Agilent 7900). The elemental
compositions and chemical states of samples were investigated by
XPS (Kratos Axis Supra). The HAADF-STEM imaging and EDS
elemental mapping were conducted on FEI-Titan Cubed Themis
G2 300 equipped with an energy dispersive X-ray spectroscopy.

4.4 Electrochemical measurements

The electrochemical measurements were carried out in 0.5 M
H,SO, electrolyte on a standard three-electrode electrochemical
workstation (CHI 760E). The graphite rod and Hg/HgSO,, K,SO,
(sat) (Wuhan Gaoss Union Co. Ltd.) were used as the counter
electrode and reference electrode, respectively. The monolithic
electrodes (CoNG-JH, NG-JH and CoG-JH) were directly used as
the working electrodes with the optimal thickness of 1.5-2 mm
and average areal mass loading of 1.0 mg-cm™ The electrode of
CoNG-JH-slurry was prepared by a drop-casting method. In detail,
1 mg CoNG-JH catalyst, 250 pL ethanol and 20 pL 5 wt.% Nafion
solution were mixed with sonication, and the obtained catalyst ink
was then drop-casted on glassy carbon electrode (diameter = 5
mm) to give an optimized mass loading of 0.4 mg:cm™ The CV
and LSV curves were collected at the scan rate of 20 and 1 mV-s?,
respectively. The measured potentials against reference electrode
were converted to reversible hydrogen electrode (RHE) according
t0 Expg = Eugjngso, + 0.707 V based on the calibration results. All
polarization curves were subjected to background and iR
correction, as illustrated in Fig. S4 in the ESM. EIS was measured
by AC impedance spectroscopy in potentiostatic mode at the
overpotential of 150 mV, applying a sinusoidal voltage with an
amplitude of 5 mV and scanning frequency from 1,000 kHz to
0.01 Hz. The electrocatalytic stability for the CoNG-JH was
evaluated by comparing the LSV curve before and after 10,000 CV
cycles and the -t curve testing at a current density of 10 mA-cm™.
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