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Tailoring the d-band center of N-doped carbon
nanotube arrays with Co4N nanoparticles and
single-atom Co for a superior hydrogen evolution
reaction
Bo Cao1, Minghao Hu1, Yan Cheng1, Peng Jing1, Baocang Liu 1, Bo Zhou2, Xi Wang3, Rui Gao1, Xiaolei Sun4,
Yaping Du 4 and Jun Zhang 1

Abstract

A 3D self-supported integrated electrode, consisting of heteroatomic nitrogen-doped carbon nanotube arrays on
carbon cloth with confined ultrafine Co4N nanoparticles and a distribution of anchored single-atom Co, is fabricated
via a cobalt-catalyzed growth strategy using dicyandiamide as the nitrogen and carbon source and a layered cobalt
hydroxide-nitrate salt as the precursor. The abundance of exposed active sites, namely, the Co4N nanoparticles, single-
atom Co, and heteroatomic N-doped carbon nanotubes, and multiple synergistic effects among these components
provide suitable tailoring of the d-band center for facilitating vectorial electron transfer and efficient electrocatalysis.
Benefiting from the merits of its structural features and electronic configuration, the prepared electrode exhibits robust
performance toward the hydrogen evolution reaction with overpotentials of only 78 and 86 mV at 10 mA cm−2 in
acidic and basic electrolytes, respectively. Density functional theory calculations and X-ray photoelectron spectroscopy
valence band measurements reveal that the effective tailoring of the d-band center by Co4N nanoparticles plays a
crucial role in optimizing the hydrogen adsorption free energy to a more thermoneutral value for efficient
electrocatalysis.

Introduction

Impelled by the fast exhaustion of traditional fossil fuels
and environmental stress, the request for clean renewable
energy continues to increase every year1. Hydrogen, as an
efficient, clean, and sustainable energy carrier, has become
an ideal candidate to replace traditional fossil energy2.
Electrochemical water splitting is identified as one of the

most promising technologies for hydrogen generation. At
present, great effort has been made to develop highly
active electrocatalysts to decrease the overpotential and
realize low-energy processes. To date, precious Pt-based
materials are known as the most efficient electrocatalysts
for the two half-reactions, named the hydrogen evolution
reaction (HER)3. Nevertheless, the high cost and low
reserve of these noble metal-based materials critically
restrict their practical applications. Therefore, exploiting
low-cost and earth-abundant electrocatalysts for the HER
is of essential significance.
Currently, the development of superior electrocatalysts

with earth-abundant elements for the HER has become a
research priority. Among these studies, due to admirable
electronic conductivity, vigorous stability, and environ-
mental friendliness4, many works are centralized on
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carbon-based materials with various nanostructures, such
as carbon nanotubes (CNTs)5, carbon nanosheets6, hol-
low carbons7, and g-C3N4-based materials8. Commonly,
heteroatoms such as N, P, B, and S are doped into carbon-
based materials to optimize their electrocatalytic perfor-
mances9. As ideal materials, CNTs and heteroatom-doped
CNTs have received increasing attention in recent years
due to their outstanding electrical conductivity, superior
mechanical properties, large surface area, and strong
coupling effect with active species10. Nonetheless, most of
the CNTs used are commonly available in the form of
powders11, which is not only high-cost but also not con-
venient for making electrodes. Although chemical vapor
deposition (CVD) techniques have been applied to
directly grow CNTs on various substrates10,12, some
hazardous and environmentally unfriendly gases, such as
CH4 and H2, are commonly used in these synthesis pro-
cedures, whose release is harmful to the environment.
Additionally, the length and diameter of the CNTs are
hard to control. Thus, developing a green and effective
method to directly grow CNTs with a controllable length
and diameter on various substrates and fabricate 3D self-
standing CNT-based monolithic electrodes is highly
desired; however, this development remains a challenge.
Transition metal-based materials, such as transition

metal phosphides13, sulfides14, and carbides15, have been
reported as efficient electrocatalysts for the HER. How-
ever, these electrocatalysts generally suffer from poor
stability. Interestingly, carbon-based materials are
revealed to be effective for improving both the activity and
durability of transition metal-based materials as protective
shells. For example, it has been reported that when con-
fining a CoNi alloy in a few layers of N-doped carbon
(CoNi@NC), its electrocatalytic performance can be lar-
gely improved4. Moreover, when wrapping Co with
N-doped CNTs and graphene (Co@N-CNT@rGO) to
form a hybrid electrocatalyst, the electrocatalyst maintains
very efficient catalytic activity (−20mA cm−2 at a low
overpotential) with long-term durability (100 h)16.
According to a previous report, FeCo alloys confined in
N-doped carbon shells in FeCo@N-CNT electrocatalysts
can largely modify the electronic structure of the carbon
surface, thus optimizing the performance for the HER12.
However, when carbon shells become thicker, the effect of
internal metal-based materials on the HER will be
diminished17.
It has been reported that the adsorption free energy of

H (ΔGH*) is an appropriate parameter for evaluating the
HER activity of a catalyst. In principle, an excellent HER
electrocatalyst should have a ΔGH* close to zero, which
can supply a quick proton/electron-transfer step and a
quick hydrogen desorption process18. Previous reports
have revealed that a downshifted d-band center can result
in a suitable ΔGH* for the HER, thus optimizing the

electrocatalytic activity of a catalyst toward the HER19.
Co4N, with Co–Co and covalent Co–N interactions, has
been reported to be a promising electrocatalyst for the
oxygen evolution reaction (OER)20 because its d-band
center is close to the energy level of the OER but far away
from the energy level of the HER. To solve this problem,
Wang’s group handled the Co4N for the HER by tailoring
the d-band center with vanadium doping19. Additionally,
it is also interesting to artificially tailor the intrinsic
properties of carbon-based materials to achieve specific
functions.
Herein, we successfully manipulated heteroatomic

N-CNT arrays for efficient electrocatalytic HER by opti-
mizing their d-band center with Co4N nanoparticles
confined in N-CNTs and single-atom Co anchored on
N-CNTs. An effective cobalt-catalyzed growth strategy
was developed to achieve N-CNT arrays on carbon cloth
(CC) with internally confined Co4N nanoparticles and
externally anchored single-atom Co (Co4N@CoSA/N-
CNT/CC) using a newly developed layered cobalt
hydroxide-nitrate salt (Co-LHS) as the catalyst and pre-
cursor and dicyandiamide (DCDA) as the nitrogen and
carbon source for efficient HER electrocatalysis. The
optimum Co4N@CoSA/N-CNT/CC electrode shows
remarkable HER performance compared with previously
reported carbon-based electrocatalysts. It only requires 78
and 86mV overpotentials to achieve 10 mA cm−2 in
0.5M H2SO4 and 1.0M KOH solutions; furthermore, this
electrocatalyst displays superior long-term stability with a
small current loss after 5000 cyclic voltammetry (CV)
cycles and no obvious decay after continual electrolysis
for 50 h. Density functional theory (DFT) calculations
reveal that the occurrence of the d-band center downshift,
due to the effective regulation of the confined Co4N
nanoparticles, endows the Co4N@CoSA/N-CNT/CC
electrode with a feasible ∆GH* for efficiently catalyzing the
HER. This work demonstrates a new idea for the fabri-
cation of carbon-based electrodes and provides a pro-
mising approach for exploring novel HER electrocatalysts.

Results and discussion

As illustrated in Scheme 1a, a new type of lamellar
cobalt precursor composed of layered Co-LHSs modified
with ligand molecules of triethanolamine (TEOA) on the
surface (Co-LHS@Co-TEOA) has been recently devel-
oped in our lab and possesses a similar structure as
layered double hydroxides (LDHs). The lamellar cobalt
precursor is primarily grown on CC under hydrothermal
conditions in a mixture of Co(NO3)2 6H2O and TEOA
aqueous solutions in the presence of pretreated CC. The
as-formed Co-LHS@Co-TEOA precursor assembles into
a 3D-hierarchical structure with uniformly oriented free-
standing lamellar nanosheets according to SEM images
(Supplementary Fig. S1a). Furthermore, its layered phase
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structure, similar to previously reported transition metal-
LHSs, was further confirmed by XRD characterization
(Supplementary Fig. S1b). The coordinative modification
of ligand molecules of TEOA is evidenced by IR mea-
surements similar to a previous report21. The combined
characterizations of thermogravimetric analysis, UV-vis
absorption spectroscopy, and X-ray photoelectron spec-
troscopy (XPS), which will be addressed elsewhere, con-
firm that the Co-LHSs exists in the form of Co
(OH)x(NO3)2-x·mH2O (0 < x < 2). The well-defined
lamellar cobalt precursor was then subjected to high-
temperature treatment in a N2 atmosphere in the pre-
sence of dicyandiamide as a carbon and nitrogen source.
Under these treatment conditions, dicyandiamide can be

easily catalyzed to grow well-defined N-CNTs in situ with
heteroatomic N atom doping to form N-CNT arrays on
CC. Then, this treatment induces the in situ transfor-
mation of Co-LHSs into ultrafine Co nanoparticles
embedded in N-CNTs and highly dispersive Co single
atoms anchored on N-CNTs (Co@CoSA/N-CNT/CC).
After being immersed in acid to remove any excess oxi-
dized Co species, the sample subsequently undergoes
high-temperature nitridation in NH3 to further transform
the massive Co nanoparticles into Co4N nanoparticles
with the highly dispersed single-atom Co on the surface
left unchanged; thus, Co4N@CoSA/N-CNT/CC is suc-
cessfully achieved. The loading mass of this electrode is
approximately 3.2 mg cm−2. The fabrication process can

Scheme 1 a Schematic illustration showing the fabrication process of Co4N@CoSA/N-CNT/CC. b Scheme showing the mechanism for the formation
of single-atom Co. The lamellar cobalt precursor composed of layered cobalt hydroxide-nitrate salts (Co-LHSs) modified with ligand molecules of
TEOA on the surface, which possesses a similar structure to that of layered double hydroxides (LDHs), is newly developed in our lab and plays a very
important role in achieving high-quality Co4N@CoSA/N-CNT/CC due to the well-controlled transformation of Co-LHSs into ultrafine Co nanoparticles
embedded in N-CNTs and highly distributed single-atom Co anchored on N-CNTs.
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be viewed visually according to the color changes of the
CC substrate. The CC turns from gray to yellow after the
initial hydrothermal treatment, then changes to black
after the high-temperature treatment, and remains black
after nitridation (Supplementary Fig. S2).
It is found that the high-quality lamellar cobalt pre-

cursor plays a crucial role in forming the 3D self-
supported integrated Co4N@CoSA/N-CNT/CC elec-
trode. It not only acts as a cobalt and carbon source but
also supplements the highly dispersed nucleation sites to
ensure the formation of high-quality Co4N nanoparticles
and single-atom Co during the pyrolysis process at high
temperature. This is confirmed based on a comparative
study that when using traditional Co-LDHs as precursors
and catalysts, only inferior quality and poorly dispersed
Co@CoSA/N-CNT can be observed on CC (Supplemen-
tary Fig. S3), further revealing the importance of our Co-
LHS precursors for synthesizing high-quality Co@CoSA/
N-CNT arrays. Thus, the effectiveness and novelty of our
synthesis strategy for rationally designing new CNT-based
single-atom electrocatalysts is shown.
The possible formation mechanism for the CoSA/N-

CNT array is displayed in Scheme 1b. During the synth-
esis process, Co–O octahedrons in Co-LHS precursors act
as cages to accomplish the spatial separation and con-
finement of Co species, similar to the reported single
atom-based (SA-based) materials using metal-organic
frameworks as precursors22. At approximately 300 °C,
the transformation from the Co-LHS precursor to Co
nanoparticles and highly dispersed Co species occurs.
Dicyandiamide is condensed into a melem species at
350 °C, resulting in the formation of g-C3N4 after further
heating to approximately 550 °C. In this process, NH3 gas
is released from the breakdown of dicyandiamide and
then further facilitates the atomization of Co and the
doping of N in the carbon22. As the temperature is further
increased to 750 °C, the presence of single-atom Co cre-
ates internal stresses and causes the layered Co-g-C3N4 to
curl during the pyrolysis process at a high temperature,
thus forming a cylindrical graphitic network of N-CNTs
with confined Co4N nanoparticles and anchored single-
atom Co22. X-ray powder diffraction (XRD) was per-
formed to determine the crystalline phase structure of the
precursor and electrodes. All diffraction peaks of the
precursor match well with the layered hexagonal Ni
(OH)1.6(Ac)0.4·0.63H2O (ICDD PDF No. 56-0570) (Sup-
plementary Fig. S1b), revealing that the obtained Co-
LHS@Co-TEOA precursor is indeed composed of layered
hydroxide cobalt salts (Co-LHSs) modified by ligand
molecules of TEOA on the surface. As shown in Fig. 1a,
the characteristic diffraction peaks of the original
Co@CoSA/N-CNT/CC located at 44.2°, 51.5°, and 75.9°
are attributed to the (111), (200), and (220) planes of the
cubic metallic cobalt phase, respectively. After nitridation,

diffraction peaks located at 43.7°, 50.8°, and 74.9°, corre-
sponding to the (111), (200), and (220) planes of the cubic
Co4N phase, respectively19, can be clearly observed, which
reveals that the Co-LHS@Co-TEOA/CC and Co@CoSA/
N-CNT/CC have been converted to Co4N/CC and
Co4N@CoSA/N-CNT NA/CC electrodes, respectively.
Additionally, the broad peak at 26.6° belonging to the
characteristic peak of N-CNTs or CC can be found in
both samples, indicating the presence of N-CNTs. Fur-
thermore, the mean crystalline sizes of Co4N nano-
particles are calculated to be ~22.3 and ~9.5 nm by the
Scherrer equation based on the Co4N(111) facet for
Co4N/CC and Co4N@CoSA/N-CNT NA/CC, respec-
tively, indicating that the size of the Co4N nanoparticles is
limited by CoSA/N-CNT.
Figure 1b presents the Raman spectra of the Co@CoSA/

N-CNT/CC and Co4N@CoSA/N-CNT/CC electrodes.
Two peaks at approximately 1342.0 and 1585.0 cm−1,
representing the defects and disordered carbon (D-band)
and sp2 graphitic carbon (G-band), respectively, can be
observed in Co@CoSA/N-CNT/CC and Co4N@CoSA/N-
CNT/CC. Three additional weak Raman peaks are
detected at 468.4, 509.7, and 672.9 cm−1 in Co4N/CC and
Co4N@CoSA/N-CNT/CC, which can be attributed to the
meaningful contribution of the cobalt nitride phase23.
Interestingly, the intensities of the D band to G band (ID/
IG) of Co4N@CoSA/N-CNT/CC are calculated to be 1.11,
which is higher than the value of 0.96 for Co@CoSA/N-
CNT/CC. This result implies that the oxidation and
nitridation treatments can promote the defect density in
CoSA/N-CNT caused by the anchored implementation of
single-atom Co and N dopants in the carbon structure,
which is widely believed to favor increasing the number of
active sites for electrocatalytic water splitting24.
To study the elemental composition and chemical

bonding state, XPS was performed with Co4N/CC,
Co@CoSA/N-CNT/CC, and Co4N@CoSA/N-CNT/CC.
The XPS broad survey spectra (Fig. 1c) show that all three
samples were composed of Co, O, N, and C without any
other contaminants. In the Co 2p XPS spectrum of
Co@CoSA/N-CNT/CC (Fig. 1d), multiple broad peaks
can be observed, suggesting that Co should exist in more
than one chemical state in Co@CoSA/N-CNT/CC19.
After fitting the Co 2p spectrum, Coδ+ (778.5/793.5 eV),
Co3+ (780.1/794.8 eV), and Co2+ (782.2/797.3 eV) peaks
along with satellite peaks (786.4/803.2 eV) are identified22,
suggesting that the surface Co atoms have been partially
oxidized to Co3O4. After nitridation, the characteristic
XPS peaks of metallic Co and Co3O4 can also be found in
the obtained Co4N@CoSA/N-CNT/CC (Fig. 1d). The
slightly positive shift in the binding energy of Coδ+ indi-
cates the formation of Co4N with weak Co–N bonds
because of the similar atomic structure between Co4N and
closely packed metallic Co25. The existing Co3+ and Co2+
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peaks reveal that the surface of Co4N is also partially
oxidized. Moreover, a positive shift of the fitted Coδ+ peak
can also be found in the Co4N@CoSA/N-CNT/CC elec-
trode compared to that of the Co4N/CC electrode,
demonstrating the occurrence of electrical coupling
interactions in the electrode; this result may be due to the
electron donation from Co4N nanoparticles to CoSA/N-
CNT, leading to electron-deficient Co4N and electron-
rich CoSA/N-CNT26. Clearly, the electronic regulation of
CoSA/N-CNT and the interfacial synergy between
metallic Co and CoSA/N-CNT can optimize the

adsorption/desorption features of hydrogen/oxygen spe-
cies, accordingly promoting the electrocatalytic properties
of the material4. The N 1s XPS spectra of Co@CoSA/N-
CNT/CC (Fig. 1e) can be split into five peaks at 397.7,
398.5, 399.4, 401.0, and 403.8 eV, which are assigned to
Co–N bonds in carbon layers, pyridinic-N, pyrrolic-N,
graphitic-N, and N-oxide, respectively. In regard to
Co4N@CoSA/N-CNT/CC, a strong peak is observed at
397.7 eV and corresponds to Co−N bonds in both carbon
layers for single-atom Co and Co4N nanoparticles27, and
this peak can also be observed in the N 1s XPS spectra of

Fig. 1 XRD Patterns, Raman spectra, XPS spectra, and SEM images of these electrodes. a XRD patterns. b Raman spectra. c XPS broad survey
spectra and core level spectra of: d Co 2p, e N 1s, and f C 1s of (I) Co@CoSA/N-CNT/CC, (II) Co4N@CoSA/N-CNT/CC, and (III) Co4N/CC. SEM images of
g–i Co@CoSA/N-CNT/CC and j–l Co4N@Co SAs/N-CNTs/CC.
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Co4N/CC at 397.4 eV. The shift in binding energies when
comparing Co4N/CC and Co4N@CoSA/N-CNT/CC also
provides evidence of an electronic interaction between
Co4N nanoparticles and CoSA/N-CNT, which is identical
to the results from the Co 2p XPS spectra. The presence
of abundant pyridinic-N and graphitic-N in CoSA/N-CNT
may act as effective nonmetal active sites for the HER16.
Furthermore, the binding energies of 284.6, 285.3, and
286.4 eV in the C 1s spectra of Co@CoSA/N-CNT/CC and
Co4N@CoSA/N-CNT/CC (Fig. 1f) are related to C–C,
C–N, and C–O in CoSA/N-CNT28. Moreover, a peak
belonging to the C–N bond can also be split in both
samples, and such electronic interactions may change the
electron density on carbon atoms and optimize the cor-
responding hydrogen adsorption Gibbs free energy (GH

*),
which is beneficial for promoting HER performance29.
Scanning electron microscopy (SEM) was employed to

further assess the morphology of different samples. As
exhibited in Supplementary Fig. S1a, CC consists of
cylindrical carbon fibers. After synthesis of the Co-
LHS@Co-TEOA precursor, the cylindrical carbon fibers
are fully covered by high-density lamellar Co-LHS@Co-
TEOA nanosheets with a thickness of ~40 nm. SEM
images of Co@CoSA/N-CNT/CC synthesized using dif-
ferent masses of dicyandiamide are shown in Supple-
mentary Fig. S4. Interestingly, the diameter of CoSA/N-
CNT decreases from 100 to 25 nm when the mass of
dicyandiamide decreases from 0.6 to 0.2 g, implying that
the diameter of N-CNTs is well regulated.
As a representative, the morphology and structure of

Co@CoSA/N-CNT/CC synthesized using 0.2 g of
dicyandiamide was studied in detail. As shown in Fig. 1g,
h, each fiber in the CC is covered by uniform and dense
CoSA/N-CNT arrays. The high-magnification SEM image
(Fig. 1i) shows that the bent CoSA/N-CNT are ~1–2 μm
in length and ~25 nm in diameter and have a smooth
surface. The small diameter of CoSA/N-CNT can effec-
tively restrict the growth of Co nanoparticles during the
synthesis process, which is favorable for exposing more
active sites and leads to enhanced electrocatalytic activity.
After oxidation and nitridation, the tubular morphology
of the high-quality Co@CoSA/N-CNT arrays is well
maintained, except for the rough and porous surface (Fig.
1j–l). The unique CoSA/N-CNT structure can not only
prevent the oxidation of confined Co4N nanoparticles but
also provide abundant nonmetal active sites on the CoSA/
N-CNT surface via the coupling effect between Co4N and
CoSA/N-CNT30, which largely promotes the activity and
stability of the Co4N@CoSA/N-CNT/CC electrode. The
EDX elemental mapping images reveal the uniform dis-
tribution of Co, N, and C in Co4N@CoSA/N-CNT/CC
and Co@CoSA/N-CNT/CC (Supplementary Fig. S5),
suggesting the successful incorporation of N in the CNTs
and Co nanoparticles. The content of N in Co4N@CoSA/

N-CNT/CC is calculated to be 7.72 at.%, much higher
than the 3.62 at.% in Co@CoSA/N-CNT/CC, revealing
that more N atoms have been doped in Co@CoSA/N-
CNT after nitridation in NH3, which may provide more
defective active sites in CoSA/N-CNT31.
Transmission electron microscopy (TEM), high-

resolution transmission electron microscopy (HRTEM),
and high-angle annular dark-field scanning TEM
(HAADF-STEM) measurements were obtained to reveal
the microstructures of Co@CoSA/N-CNT and Co4N@-
CoSA/N-CNT scratched off of the CC. In keeping with
the SEM findings, the TEM images (Fig. 2a–g and Sup-
plementary Figs. S6 and S7) of the Co@CoSA/N-CNT and
Co4N@CoSA/N-CNT reveal that ultrafine Co and Co4N
nanoparticles with a range from ~10 to 20 nm are
encapsulated in situ by CoSA/N-CNT with a length of
~1–2 μm and a diameter of ~20 nm (Fig. 2a). In high-
magnification TEM images (Fig. 2b, e), “bamboo joint-
like” and multiwalled CoSA/N-CNT composed of
N-doped graphitic carbon layers can be observed, in
accordance with the as-reported metal-encapsulated car-
bon nanotubes16. Clearly, the sizes of Co and Co4N
nanoparticles match well with the diameter of CoSA/
N-CNT, indicating the growth mechanism for the for-
mation of CoSA/N-CNT as previously reported16,32. The
HRTEM image of the Co@CoSA/N-CNT shows well-
defined lattice fringes with interspacing distances of 0.340
and 0.204 nm, which can be attributed to the (002) and
(111) lattice planes of graphitized carbon and metallic Co,
respectively (Fig. 2b, c). Similarly, after nitridation in NH3,
the tubular structure is still well maintained (Fig. 2e),
suggesting the outstanding thermal stability of CoSA/
N-CNT. Moreover, approximately 8–10 intact layers of
carbon in Co@CoSA/N-CNT can be observed (Fig. 2c),
while only 3–5 layers of carbon with abundant defects are
exhibited in Co4N@CoSA/N-CNT (Fig. 2f). Previous
studies have reported that a small number of layers and
defects in carbon are beneficial to electronic transmission,
thus resulting in remarkable activity for electro-
catalysts4,33. Notably, a small number of carbon layers are
found in Co3O4@CoSA/N-CNT (Supplementary Fig. S8),
indicating that the decreases in the number of carbon
layers and the generation of defects in CoSA/N-CNT are
due to the oxidation process. The corresponding HRTEM
image (Fig. 2f) shows fringe spacings of approximately
0.35 and 0.207 nm, assigned to the (002) and (111) lattice
planes of graphitized carbon and Co4N, respectively,
indicating that the confined Co nanoparticles in CoSA/
N-CNT are fully converted into Co4N. HAADF-STEM
images of Co4N@CoSA/N-CNT exhibit some bright spots
inside of N-CNTs, further suggesting the formation of
CoSA/N-CNT with confined Co4N nanoparticles (Fig. 2h,
i). The corresponding EDX elemental mapping images
show that the distributions of Co, N, and C are even in
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N-CNTs, indicating the anchored single-atom Co in the
N-doped CNT structure, while Co is mainly concentrated
on the bright spots embedded inside N-CNTs (Fig. 2j–l).
This result indicates that Co and N are uniformly doped
in N-CNTs, which is consistent with the results obtained
from SEM. Additionally, the contents of Co, N, and C in
Co4N@CoSA/N-CNT are calculated to be approximately
2.76, 3.72, and 93.52 at.%, respectively (Supplementary
Fig. S7). To further elucidate the remaining single-atom
Co, magnified aberration-corrected HAADF-STEM was
carried out (Fig. 2m, n). To thoroughly study the com-
ponents of N-CNTs, we dissolved Co nanoparticles in
Co@CoSA/N-CNT after an oxidation process. XRD

patterns and TEM images show that the Co nanoparticles
have already completely dislodged (Supplementary Fig.
S9). Nevertheless, the Co 2p XPS spectra exhibit the
existence of Co species in N-CNTs, further illuminating
that Co is doped in CoSA/N-CNT (Supplementary Fig.
S10). Moreover, the EDX elemental mapping images and
line-scan elemental distribution profiles display the
enrichment of Co and N in the exterior of N-CNTs
(Supplementary Fig. S11).
Stimulated by the unique structure and prospective

composition, the electrocatalytic performance of the as-
prepared Co4N@CoSA/N-CNT/CC for the HER was
assessed in a 0.5M H2SO4 medium using a typical

Fig. 2 TEM images, high-resolution TEM images of Co@CoSA/N-CNT and Co4N@CoSA/N-CNT, and HAADF-STEM images of Co4N@CoSA/

N-CNT. a, b TEM images and c high-resolution TEM images of Co@CoSA/N-CNT. d, e and (g) TEM images, f high-resolution TEM images, h, i the
corresponding HAADF-STEM, j–l elemental mappings, and m, n magnified HAADF-STEM image of Co4N@CoSA/N-CNT.
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three-electrode setup at a scan rate of 2 mV s−1. As a
comparison, the HER activities of blank CC, benchmark
20 wt.% Pt/C, Co nanoparticle-free CoSA/N-CNT/CC,
and Co@CoSA/N-CNT/CC were also studied. Figure 3a
displays the polarization curves of these electrodes for the
HER. To reflect the intrinsic electrocatalytic activities,
85% iR compensation was applied when obtaining the
electrochemical measurements. As seen in Fig. 3a, 20 wt.%
Pt/C displays an expected high HER activity with a near
zero onset overpotential, while blank CC shows negligible
HER activity. Notably, Co4N@CoSA/N-CNT/CC requires
a small overpotential of 78 mV to achieve a current den-
sity of −10mA cm−2, which is superior to blank CC
(>300mV), CoSA/N-CNT/CC (218mV), Co4N/CC
(184mV), and Co@CoSA/N-CNT/CC (164mV), while
also being 58mV higher than 20 wt.% Pt/C. This result
demonstrates that CoSA/N-CNT plays a vital role in
promoting the electrocatalytic activity of Co4N@CoSA/N-
CNT/CC due to the strong coupling effect between Co4N
and CoSA/N-CNT34. The mechanism for the HER was
further elucidated by the corresponding Tafel slopes.

The Tafel slopes of CoSA/N-CNT/CC, Co@CoSA/N-
CNT/CC, Co4N@CoSA/N-CNT/CC, and Pt/C are fitted
to be 102.0, 101.0, 75.9, and 29.7 mV dec−1 (Fig. 3b and
Supplementary Table S1), respectively, suggesting that the
corresponding HER over CoSA/N-CNT/CC, Co@CoSA/
N-CNT/CC, and Co4N@CoSA/N-CNT/CC abides by the
same Volmer-Heyrovsky mechanism with the Volmer
reaction as the rate-determining step16,35. Note that the
Tafel slope is also a possible criterion to appraise the
advantages of electrocatalysts, as a small Tafel slope sig-
nifies better scaling of the kinetics with voltages16. To
further evaluate the catalytic kinetics and intrinsic prop-
erties for the HER of these electrocatalysts, the corre-
sponding exchange current density (j0) is determined by
extrapolating the Tafel plots. Unexpectedly, j0 of
Co4N@CoSA/N-CNT/CC is calculated to be 0.933 mA
cm−2, which is smaller than 2.090 mA cm−2 for 20 wt.%
Pt/C but much higher than 0.209 mA cm−2 for
Co@CoSA/N-CNT/CC and 0.073 mA cm−2 for CoSA/
N-CNT/CC. The overpotential and exchange current
density of Co4N@CoSA/N-CNT/CC also outperform

Fig. 3 Electrochemical measurements of HER performances for these electrodes in both acid and alkaline medium. a Linear sweep
voltammetry (LSV) curves and b Tafel slopes of (I) Co4N@CoSA/N-CNT/CC, (II) Co@CoSA/N-CNT/CC, (III) CoSA/N-CNT/CC, (IV) 20wt.% Pt/C, (V) Co4N/
CC, and (VI) bare CC. c Comparison of the 1st and 5000th LSV curves of Co4N@CoSA/N-CNT/CC for the HER in a 0.5M H2SO4 medium. Inset in (c) is the
current–time curve. d LSV curves and e Tafel slopes of (I) Co4N@CoSA/N-CNT/CC, (II) Co@CoSA/N-CNT/CC, (III) CoSA/N-CNT/CC, (IV) 20wt.% Pt/C, (V)
Co4N/CC, and (VI) bare CC. f Comparison of the 1st and 5000th LSV curves of Co4N@CoSA/N-CNT/CC for the HER in a 1.0M KOH medium. Inset in (f) is
the current–time curve.
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most reported transition metal-based and CNT-based
electrocatalysts. This result confirms the greatly enhanced
catalytic activity of Co4N@CoSA/N-CNT/CC compared
with Co@CoSA/N-CNT/CC, Co4N/CC, and CoSA/
N-CNT/CC.
In addition to having high activity, the long-term dur-

ability is another crucial criterion to assess the superiority
of an electrocatalyst. Thus, the stability of Co4N@CoSA/
N-CNT/CC was further examined by 5000 CV cycles and
long-term current–time (i–t) tests at a fixed overpotential
in a 0.5M H2SO4 solution (Fig. 3c). After 5000 CV cycles,
only an 8mV increase in the overpotential can be
observed at a current density of −100mA cm−2. In
addition, the i–t curve obtained at a constant over-
potential of 100mV (insert of Fig. 3c) displays that the
decrease in current density is only approximately 5% after
continuous electrocatalysis for 50 h. Both results reveal
that Co4N@CoSA/N-CNT/CC possesses outstanding
stability under acidic condition. The durability test results
of Co4N@CoSA/N-CNT/CC in the acidic medium are
superior to that of other reported transition metal-based
and CNT-based electrocatalysts. (Supplementary Table S3)
As reported, electrocatalysts with high activity and sta-

bility in alkaline medium are supposed to be of prime
significance because most industrial technology utilizes
alkaline electrolysis16. Hence, the HER activity of
Co4N@CoSA/N-CNT/CC was further investigated in an
alkaline medium. Blank CC, benchmark 20 wt.% Pt/C, Co
nanoparticle-free CoSA/N-CNT/CC, and Co@CoSA/N-
CNT/CC were also studied under identical conditions for
comparison. An 85% iR correction was also applied for
these electrochemical measurements. As presented in Fig.
3d, Co4N@CoSA/N-CNT/CC exhibits significant catalytic
activity toward the HER in an alkaline medium, requiring
overpotentials of only 86 and 189mV to afford current
densities of 10 and 100 mA cm−2, respectively, which are
far smaller than those of Co@CoSA/N-CNT/CC (178 and
292mV), Co4N/CC (244 and 363 mV), and CoSA/N-
CNT/CC (280mV at 10mA cm−2). Co4N@CoSA/N-
CNT/CC even catalyzes the HER in a manner that is
comparable to that of commercial Pt/C at a high over-
potential of 176mV, further implying its superior HER
activity. Likewise, the Tafel slopes were also determined
on the basis of the Tafel equation. (Fig. 3e) In regard to
Co4N@CoSA/N-CNT/CC, the Tafel slope is calculated to
be 82.2 mV dec−1, superior to that of Co@CoSA/N-CNT/
CC (99.2 mV dec−1) and CoSA/N-CNT/CC (111.5 mV
dec−1). Additionally, the value of j0 for Co4N@CoSA/N-
CNT/CC can reach 0.725 mA cm−2 in alkaline solution,
approximately four times higher than that of Co@CoSA/
N-CNT/CC (0.161mA cm−2) and nearly 20 times higher
than that of CoSA/N-CNT/CC (0.030 mA cm−2), further
indicating more beneficial proton discharge kinetics for
Co4N@CoSA/N-CNT/CC. The HER performance of the

Co4N@CoSA/N-CNT/CC electrode is also higher than
that of most currently reported transition metal-based
and CNT-based electrocatalysts in alkaline media (Sup-
plementary Table S4). Notably, Co4N@CoSA/N-CNT/CC
also exhibits superior long-term stability in the alkaline
medium. As shown in Fig. 3f, upon accelerating durability
tests (ADTs) with the use of 5000 continuous cycles,
Co4N@CoSA/N-CNT/CC only shows a slight over-
potential increase of 14 mV at a current density of
−100mA cm−2. Furthermore, when a static overpotential
of 86 mV is applied, the current density of Co4N@CoSA/
N-CNT/CC can be maintained at 89% after long-term
stable electrolysis for more than 50 h (inset of Fig. 3f),
which is also superior to reported transition metal-based
and CNT-based electrocatalysts. (Supplementary Table
S5). As shown in Supplementary Fig. S12, after long-term
durability testing, the morphology of Co4N@CoSA/N-
CNT/CC remains good. The chemical composition of the
electrode used in the acidic medium remains unchanged,
while some Co4N nanoparticles transfer to Co(OH)2 after
the stability test in the alkaline medium. These results
show that the Co4N@CoSA/N-CNT/CC electrode is
stable during long-term operation in both acidic and
alkaline media.
To reveal the electrode kinetics for Co4N@CoSA/N-

CNT/CC and Co@CoSA/N-CNT/CC, electrochemical
impedance spectroscopy (EIS) measurements were con-
ducted at different overpotentials in 0.5M H2SO4 and
1.0M KOH solutions. The Nyquist plots of different
electrodes in 0.5M H2SO4 and 1.0M KOH electrolytes
show that the HER can be accelerated along with
increasing overpotentials (Supplementary Figs. S13 and
S14), which suggests one-time constant behavior for the
electrode during the HER process (Supplementary Fig.
S15). One-time constant behavior contains a resistor and
one parallel circuit, where Rs, Rct, and Cdl represent the
solution resistance, charge-transfer resistance, and con-
stant phase element, respectively. The Nyquist plots of the
experimental and fitted data for different electrodes at
overpotentials of 150mV by a one-time constant model
are also provided (Supplementary Fig. S16a, b), and the
obtained Rs and Rct are listed in Supplementary Table
S6. As expected, the Co4N@CoSA/N-CNT/CC elec-
trode exhibits small charge-transfer resistances of 12.67
and 13.26Ω at the electrode/electrolyte interface for the
HER in acidic and alkaline electrolytes, lower than those
of Co@CoSA/N-CNT (24.85 and 26.72Ω) and CoSA/N-
CNT/CC (65.06 and 67.30Ω) electrodes, indicating that
it follows rapid charge transfer kinetics for electro-
catalytic reactions36. The superior electron-charge
transfer property can promote the combination of
electrons and Hads, and benefit the reduction of ohmic
losses37, hence resulting in the improvement in elec-
trocatalytic activity.
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The effective electrochemical active surface areas
(ECSAs), revealing the number of active sites, can be
estimated from the corresponding double-layer capaci-
tance (Cdl), which is proportional to the ECSAs. Thus, the
values of Cdl for Co4N@CoSA/N-CNT/CC and
Co@CoSA/N-CNT/CC were measured by CV at various
scan rates within the non-Faradaic potential range of
0.1–0.3 V vs. reversible hydrogen electrode (RHE) (Sup-
plementary Fig. S16c, d). As a result, the Cdl is calculated
to be 49.50 mF cm−2 for Co4N@CoSA/N-CNT/CC,
which is only half of the Cdl of Co@CoSA/N-CNT/CC
(105.12 mF cm−2, Supplementary Fig. S16e), suggesting a
small number of active sites for Co4N@CoSA/N-CNT/
CC. After being normalized by Cdl, the electrocatalytic
activity of each active site in Co4N@CoSA/N-CNT/CC,
e.g., the intrinsic electrocatalytic activity, is far higher than
that of Co@CoSA/N-CNT/CC, which further indicates
the superior electrocatalytic activity of Co4N@CoSA/N-
CNT/CC.
The efficient electrocatalytic performance of the

Co4N@CoSA/N-CNT/CC electrode is mainly attributed
to its unique structure and configuration. First, as metallic
active sites, small Co4N nanoparticles with a diameter of
~10–20 nm encapsulated in CoSA/N-CNT can be easily
exposed to electrolytes from the defects of CoSA/N-CNT,
which offer more exposed catalytically active sites. Sec-
ond, the unique 3D open structure of CoSA/N-CNT
arrays supplies a high interfacial contact area with the
electrolyte, which is favorable for diminishing the resis-
tance of ion diffusion and charge transfer38. Third, the
synergistic effect between CoSA/N-CNT and Co4N
nanoparticles can not only efficiently boost the electron
transfer ability and decrease the interfacial charge-transfer
resistance but also offer the opportunity to tune intrinsic
electronic properties and produce abundant nonmetallic
active sites on CoSA/N-CNT12. These structural merits
are also beneficial for improving electrocatalytic
performance39.
DFT calculations were employed to gain insight into the

high HER activity of the Co4N@CoSA/N-CNT/CC elec-
trode. On the basis of the experimental results of HRTEM
(Fig. 2c, f) and XPS (Fig. 1e), catalyst models of the bare
Co4N(111) and Co(111) unit cells, as well as the two
surfaces encapsulated in a carbon shell (@C) and
nitrogen-doped carbon shell (@NC), are constructed
and shown in Supplementary Figs. S17 and S18. As
exhibited in Fig. 4a, the computational results show that
Co4N and Co provide large exothermic ΔGH* values of
−0.58 and −0.39 eV, respectively, revealing the poor
HER activities of bare Co4N and Co caused by the pre-
dictable difficulty of hydrogen release. After encapsula-
tion with the C shell (@C) and N-doped C shell (@NC),
the obtained Co4N@C and Co4N@NC display ΔGH*

values of +0.16 and −0.12 eV, much closer to zero than

those of Co@C (+ 0.40 eV), Co@NC (+ 0.24 eV), and the
bare slab. Clearly, the ΔGH* value of Co4N@NC is closest
to zero among these models, suggesting that Co4N@NC
possesses optimal intrinsic HER activity, which matches
well with the experimental results.
Subsequently, to deeply understand the optimal intrin-

sic activity of the HER, the d-band centers, Bader charges,
and charge differences of Co, bare Co4N, Co@C, Co@NC,
Co4N@C, and Co4N@NC were computed. As shown in
Fig. 4b, all three d-band centers of metallic Co in the
Co4N electrocatalyst models (−1.280 ~−1.392 eV) are far
from the Fermi level than those in the corresponding Co
models (−1.168 ~−1.229 eV), and the tailoring of d-band
centers leads to a lower desorption energy of H19,40. The
adsorption behavior of the Co4N@CoSA/N-CNT/CC and
Co@CoSA/N-CNT/CC electrodes was further evaluated
by XPS valence band measurements (Supplementary Fig.
S19). With respect to the Fermi level, the derived d-band
centers exhibit a tailored trend from Co@CoSA/N-CNT/
CC (−1.59 eV) to Co4N@CoSA/N-CNT/CC (−1.80 eV),
which corresponds well with the DFT calculation results.
Moreover, it can be clearly found that the order of the

three d-band centers in the Co4N electrocatalyst models
(Co4N@NC <Co4N@C <Co4N) is coincident with the
energy level of the absolute value of ΔGH*, i.e., the low
d-band center in the Co4N models exhibits weak
absorbability and high HER activity. For comparison,
between the d-band center and ΔGH*, a similar relation-
ship can also be found in the corresponding Co models.
Moreover, the Bader charges (Supplementary Table S7) of
the different elements in the H-Co, H-Co4N, H-Co@C,
H-Co4N@C, H-Co@NC, and H-Co4N@NC structures as
well as the corresponding charge density differences (Fig.
4c-f) of the @C and @NC shells are calculated. In Sup-
plementary Table S7, all the Bader charges of the metallic
Co atoms are negative, while the Bader charges of the
nonmetallic N and C atoms are positive in both the Co
slab, Co4N slab, carbon layer, and N-doped carbon layer,
indicating that electrons will be transferred from Co to C
and N, which is in good agreement with the XPS results.
In Fig. 4c-f, the analysis of charge density differences also
shows the same conclusion as the Bader charges. The
electron transfer from Co4N nanoparticles to the carbon
atoms in N-CNTs then further to the nitrogen atoms,
along with the electron transfer from single-atom Co to
nitrogen atoms, leads to the Co4N nanoparticles and
single-atom Co being electron-deficient regions, while
N-CNTs are electron-rich regions. In this regard, electronic
coupling results in electron-rich N-CNTs with a decrease in
the d-band center of the electrode; thus, the energy level of
the antibonding states is lowered and easily filled, leading to
the low-desorption energy of H in the HER26,40.
Moreover, considering the synergistic effect of

single-atom Co in N-CNTs, electrocatalyst models of
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Co4N@C/xNyC-Co unit cells are constructed and shown
in Supplementary Fig. S20. As exhibited in Fig. 4g, the
computational results show that all single-atom Co sites
provide a small absolute value of ΔGH*, less than 0.23 eV.
Among these, Co4N@C/3N-Co exhibits the optimal value
of 0.01 eV. These results reveal the crucial role of single-
atom Co in Co4N@CoSA/N-CNT/CC for the HER. In
total, the electronic property analysis demonstrates that
the doping of nonmetallic nitrogen can tune the electron
density of the carbon layer and the d-band center of the
Co4N slab. This result leads to the optimal HER activity of
Co4N@CoSA/N-CNT/CC.

Conclusions

In summary, we reported the fabrication of a novel 3D
self-supported integrated electrode composed of well-
defined heteroatomic N-doped carbon nanotube (N-
CNT) arrays on CC with simultaneously confined Co4N
nanoparticles in situ inside N-CNTs and anchored single-
atom Co on the N-CNT walls (Co4N@CoSA/N-CNT/CC)

for excellent HER electrocatalysis. The novel Co4N@-
CoSA/N-CNT/CC electrode possesses a uniform 3D-
hierarchical structure with highly accessible active sites
exposed due to the Co4N nanoparticles, single-atom Co,
and N-CNTs, which promote the significant improvement
in catalytic performance. Moreover, the strong multiple
synergistic effects among the Co4N nanoparticles, single-
atom Co, and N-CNTs provide the suitable tailoring of
the d-band center and the effective regulation of the
electronic configuration for efficient electrocatalysis.
Thus, the Co4N@CoSA/N-CNT/CC electrode exhibits
excellent electrocatalytic performance and only needs
overpotentials of 78 and 86mV to achieve a current
density of 10 mA cm−2 for the HER in 0.5M H2SO4 and
1.0M KOH solutions, respectively. More importantly,
such an electrode also displays superior long-term stabi-
lity with a small current loss after 5000 CV cycles and no
obvious decay after continual electrolysis for 50 h. Further
DFT calculations reveal that the d-band center of the
electrocatalyst can be tailored by the confined Co4N

Fig. 4 DFT calculations of HER on several electrocatalysts. a Free-energy diagram of the HER on various Co and Co4N catalysts, b partial
electronic density of states (PDOS) for the d orbital of bare Co, bare Co4N, Co@C, Co4N@C, Co@NC, and Co4N@NC. The dotted lines represent the
Fermi level, and the d-band centers of Co atoms are provided with the colored font. Charge density differences of the N-doped carbon layer in the
models of: c Co4N@C, d Co@NC, e Co@NC, and f Co4N@NC. In the structures of (c–f), Co, N, and C are marked in cyan, blue, and gray, respectively. In
regard to the charge density differences, red and green represent charge accumulation and depletion, respectively. The isosurface cutoff is 0.005
electronsÅ−3. g Free-energy diagram of the HER at various single-atom Co sites of the Co4N@CoSA/N-CNT/CC electrocatalyst.
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nanoparticles in the N-CNTs and anchored single-atom
Co to endow Co4N@CoSA/N-CNT/CC with an applic-
able ΔGH* value for the HER. Our work develops a con-
venient and efficient approach for constructing 3D self-
supported CNT-based monolithic electrodes.

Materials and methods

Materials

Co(NO3)2·6H2O, HNO3 (68 wt%), and H2SO4 (98 wt%)
were purchased from Beijing Chemical Works (Beijing,
China). KOH was purchased from Aladdin Ltd.
(Shanghai, China). CC was purchased from Innochem
Science & Technology Co., Ltd. (Beijing, China). Plati-
num, nominally 20% carbon black, IrO2, and dicyan-
diamide (DCDA) were purchased from Alfa Aesar
(Shanghai, China). TEOA and ethanol were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Beijing,
China) All reagents were used as received without fur-
ther purification.

Materials characterization

XRD was performed on a PANalytical Empyrean dif-
fractometer with a Cu K alpha1 radiation source (λ=
1.5405 Å) operated at a scanning rate of 0.013° at Bragg
angles ranging between 5° and 80°. Transmission electron
microscopy (TEM) and scanning transmission electron
microscopy (STEM) characterizations were performed on
an FEI Tecnai F20 field-emission transmission electron
microscope (FE-TEM) and a JEOL ARM200F 200 kV
STEM, respectively. Scanning electron micrographs were
recorded by field-emission scanning electron microscopy
(FE-SEM, Hitachi S-4800). XPS measurements were per-
formed with a VG Scientific ESCALAB Mark II spectro-
meter equipped with two ultrahigh vacuum (UHV)
chambers. All spectra were calibrated with the C–C peak
of C 1s orbitals as 284.6 eV. Raman spectroscopy char-
acterizations were carried out using a Renishaw inVia
Raman microscope with a 532 nm laser source under
vacuum conditions in an in situ reaction cell.

Synthesis of the Co-LHSs/CC precursors

All chemicals used in the experiments were analytical
grade and used as received without further purification.
Prior to the hydrothermal treatment, CC was first cut into
small pieces with a size of 2 × 3 cm, cleaned by being
placed in boiling concentrated nitric acid for 12 h at 80 °C,
washed sequentially with water, acetone, and ethanol, and
finally dried at 60 °C for 10 min. To synthesize Co-LHS
precursors, Co(NO3)2·6H2O (0.7 mmol) was dissolved in a
mixed solvent consisting of 25 mL of deionized water and
5mL of TEOA in a 50mL autoclave, and the clean CC
(2 × 3 cm) was then immersed in the resultant solution.
This reaction system was then kept at 80 °C for 24 h. After
cooling to room temperature, the as-obtained Co-LHSs/CC

precursors were washed with deionized water three times
and dried at 60 °C.

Synthesis of Co@CoSA/N-CNT/CC

Co-LHS/CC precursors were placed in a quartz boat
with dicyandiamide at the upstream side of the furnace.
Then, the samples were heated to 450 °C for 2 h at a
heating rate of 2 °Cmin−1 to sufficiently deposit dicyan-
diamide on the surface of the Co-LHS/CC and then
heated to 750 °C for 2 h at a heating rate of 2 °Cmin−1 in a
N2 atmosphere. After cooling to room temperature,
Co@CoSA/N-CNT/CC was obtained. To adjust the dia-
meter of the N-CNTs, 0.2, 0.4, and 0.6 g dicyandiamide
were used to fabricate different Co@CoSA/N-CNT/CC
electrodes.

Synthesis of Co3O4@CoSA/N-CNT/CC

Co@CoSA/N-CNT/CC were placed in a quartz boat,
and the samples were heated to 300 °C for 2 h at a heating
rate of 2 °Cmin−1 in an air atmosphere. After cooling to
room temperature, Co3O4@CoSA/N-CNT/CC was
obtained.

Synthesis of Co4N@CoSA/N-CNT/CC

Co3O4@CoSA/N-CNT/CC were placed in a quartz
boat, and the samples were heated to 750 °C for 3 h at a
heating rate of 2 °Cmin−1 in an NH3 atmosphere. After
cooling to room temperature, Co4N@CoSA/N-CNT/CC
was obtained.

Synthesis of CoSA/N-CNT/CC

Co3O4@CoSA/N-CNT/CC was placed in boiling H2SO4

for 12 h at 80 °C and washed with deionized water
several times.

Electrochemical measurements

Electrochemical measurements were carried out on a
Zennium electrochemical workstation (Zahner, Germany)
assembled with a standard three-electrode system with a
carbon rod electrode as the counter electrode, the pre-
pared integral electrodes as the working electrode, and a
saturated calomel electrode (SCE, 0.241 V vs. RHE) as the
reference electrode. All potentials were referenced to a
RHE by adding a value of (0.241+ 0.059 × pH) V. Linear
sweep voltammetry (LSV) polarization curves in the
potential range of −0.6 to 0 V (vs. SCE) for the HER were
acquired in N2-saturated 0.5M H2SO4, and in the
potential range of −1.5 to −0.8 V (vs. SCE) for the HER
acquired in N2-saturated 1.0M KOH. LSV tests were
performed at a scan rate of 2 mV s−1. Before each activity
measurement, the electrodes were pretreated by CV in the
potential range of the LSV test at a sweep rate of 100mV
s−1 for at least 50 cycles without rotation to activate the
catalysts, remove surface contamination, and stabilize the
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current. The ADTs were conducted by performing up to
5000 CV cycles in a 0.5M H2SO4 electrolyte in the
potential range of −0.4 to 0 V (vs. SCE) and 5000 CV
cycles in a 1.0M KOH electrolyte in the potential range of
−1.4 to −1.0 V (vs. SCE) for the HER. The amperometric
current density–time (i–t) curves were measured for 50 h
in N2-saturated 0.5M H2SO4 and1.0M KOH solutions
under controlled potentials. The electroactive surface
areas were measured by a series of CV measurements
performed from 0.1 to 0.3 V versus the RHE at various
scan rates ranging from 20 to 180mV s−1, and 20 con-
tinuous sweep cycles were performed to ensure con-
sistency. EIS measurements were carried out from
100,000 to 0.04 Hz in 0.5M H2SO4 and 1.0M KOH media
at different bias voltages.
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