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Abstract
The development and exploration of efficient and economical electrocatalysts for oxygen evolution reaction (OER) repre-
sents the main bottleneck to unlocking a sustainable energy scenario based on electrocatalytic water splitting. Nanoscale 
integration of three-dimensional (3D) porous heterostructure with highly dispersed active sites and good structural stability 
is challenging. Herein, a dual template route is developed to construct the 3D porous  SiO2/nitrogen-doped carbon (NC)/
Co-carbon nanotubes (CNTs) heterostructure. Importantly, the hard template  (SiO2 nanospheres) contributes to 3D porous 
structure, increases the specific surface area, and promotes the contact area of the electrolyte. At the same time, the soft 
template (basic zinc carbonate) can control the growth of 1D CNTs and facilitate the exposure of the active sites. Apparently, 
3D porous  SiO2/NC/Co-CNTs heterostructure inherits highly dispersed Co nanoparticles coated by NC. CNTs conductive 
channels and abundant N heteroatoms doping are reasonably constructed by a dual template strategy. Therefore,  SiO2/NC/
Co-CNTs catalyst provides an extraordinary activity for the OER in alkaline media, with a low overpotential of 298 mV at 
a current density of 10 mA·cm−2. Furthermore,  SiO2/NC/Co-CNTs heterostructure enables excellent long-term durability 
with a 10 mV decay in overpotential after 3000 cyclic voltammetry cycles, and 97% remain in current density over 20 h. It 
is believed that this dual template strategy can provide a new and simple way to construct a highly dispersed active site in 
electrocatalysts.
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1 Introduction

The continued use of fossil fuels (oil, coal, natural gas, etc.) 
leads to energy shortages and climate extremes that are 
becoming increasingly serious [1, 2]. Therefore, people are 
constantly exploring cheap, clean, and renewable energy [3]. 
Notably, due to its superior energy density, source environ-
mental protection, and zero carbon footprint, hydrogen has 
been considered to be the most promising renewable energy 

source at present [4, 5]. In many hydrogen production, elec-
trochemical water decomposition hydrogen production is an 
efficient way to meet energy needs and solve environmental 
pollution [6]. For water electrolysis, the anodic oxygen evo-
lution reaction (OER)  (4OH–(aq) →  O2(g) +  2H2O(l) +  4e–) 
is the main obstacle to hydrogen production because OER 
is a rather complex four-electron reaction process, includ-
ing O–H bond cleavage, O–O bond formation, and proton-
coupled electron transfer steps [7, 8]. Thus, it is necessary 
for OER electrocatalysts to have a small overpotential to 
accelerate the reaction kinetics. So far, precious metal-based 
catalysts (e.g.,  IrO2 and  RuO2) are still widely used in OER 
electrocatalysts [9, 10]. However, their low earth reserves 
and high price limit their widespread application. In this 
context, it is necessary to develop cost-effective and highly 
reactive non-precious metal OER electrocatalysts derived 
from earth-abundant elements [11, 12].

Among the numerous transition metal alternatives, 
cobalt is considered a promising non-noble metal OER 
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electrocatalyst [13]. Especially, it is believed that the highly 
dispersed Co nanocatalysts can be used as efficient OER 
catalysts due to the exposed active sites [14]. So far, several 
methods have been developed to obtain highly dispersed Co 
nanoparticles, and the typical synthesis strategies are mainly 
solid-state diffusion strategies and pyrolysis strategies. The 
solid-state diffusion strategy includes the top-down strat-
egy. The pyrolysis method, combined with wet chemical 
methods, is a typical cost-effective route that can easily fix 
a single atomic site onto a carbon substrate, achieving both 
porous structure and highly dispersed metal single points 
[15–18]. However, currently cobalt-based nanocatalysts 
face challenges as they exhibit relatively poor electrical con-
ductivity and uncontrollable aggregation during long-term 
operation, resulting in insufficient exposure of active com-
ponents and insufficient long-term electrolytic stability. The 
strategies to address these issues include physical confine-
ment (e.g., soft or hard template), heteroatom doping (e.g., 
N, P, and S), and in situ induced high conductivity support.

Carbon, such as graphene and graphitic carbon, is an ideal 
carrier material for monodisperse nanocatalysts due to its 
high specific surface area and good electrical conductiv-
ity [19]. The carbon derived from urea/glucose combined 
with a soft template can provide a highly porous structure 
with abundant nitrogen heteroatoms doping, which gener-
ates favorable electron migration channels and enhances the 
conductivity of the catalyst [20]. For example, Wang and 
co-workers prepared a highly dispersed Co atom-anchored 
N-doped porous carbon (p–Co–N–C) catalyst by a pyrolytic-
alkali-acidizing tactic, which showed excellent electrosyn-
thesis performance of  H2O2 in an acidic environment [21]. 
On the other hand, the hard template route for producing 
functional carbon matrix using inorganic materials such as 
 SiO2, Santa Barbara Amorphous-15 (SBA-15), and NaCl is a 
promising option for the construction of porous heterostruc-
tures. This process involves finely controlled nano-casting 
processes to replicate the shape and structure of hard tem-
plates and build ordered pore materials. Due to the advan-
tages of inexpensive and poisonless, it has been widely used 
to construct three-dimensional (3D) porous heterostructures 
with high conductivity and stable structures. For instance, 
Lou and co-workers prepared  SiO2 nanospheres as hard tem-
plates [22]. Subsequently, the nitrogen-doped hollow carbon 
spheres interconnected 3D fiber network with tin nanopar-
ticles were successfully prepared by hydrolysis, electro-
spinning, annealing, and etching. Furthermore, Liu et al. 
reported in situ Fe monoatomically dispersed N,S co-doped 
(FeSA/NSC) stratified ordered porous carbon framework 
through one-step pyrolysis of dopamine/Fe3+ complexes 
and thiourea in the SBA-15 channel, which exhibited more 
outstanding electrocatalytic performance than Pt/C catalysts 
[23]. Although some achievements have been made in devel-
oping high-performance catalysts using a single template, 

there are still some problems that need to be improved in 
single template-derived heterostructures, such as unsatisfac-
tory structural configuration and pore distribution, difficulty 
in completely removing hard templates, and few 2D units 
in 3D heterostructures. In contrast, dual template, which 
can generate higher specific surface area and expose more 
active sites, has emerged as an effective strategy to enhance 
electrocatalytic activity [24, 25]. For example, Zhong et al. 
developed a Co/CoOx nano-heterojunctions encapsulated 
into nitrogen-doped carbon sheets (NCS@Co/CoOx) via a 
dual-template-guided approach [24]. The prepared NCS@
Co/CoOx exhibited good OER activity with an overpotential 
of 350 mV at a current density of 10 mA·cm−2.

To this end, a dual template strategy combing hard and 
soft templates has been proposed. The dual template not 
only combines the advantages of the hard template, that is, 
to promote the exposure of the active site and the contact 
area of the electrolyte through the limiting effect, but also 
combines the advantages of the soft templates, that is, to 
enhance the conductivity of the material and promote the 
formation of the highly dispersed active site. This provides 
a highly dispersed active site and an ideal carrier with high 
conductivity for the rational design of the catalyst, and alle-
viates the oxidation of the active site in the OER process. 
Therefore, in this study,  SiO2 nanospheres are used as hard 
templates, basic zinc carbonate is used as soft templates, 
and highly dispersed metal Co nanoparticles are wrapped 
in N-doped graphitized carbon (NC) and carbon nanotubes 
(CNTs) by simple physical grinding mixing and high-tem-
perature pyrolysis strategies to form 3D porous hetero-
structures with high electrical conductivity and structural 
stability. The 3D porous structure, high specific surface 
area, highly dispersed Co nanoparticles, CNTs conductive 
channels, and abundant nitrogen heteroatoms doping pro-
mote the constructed  SiO2/NC/Co-CNTs catalyst to provide 
robust electrocatalytic OER activity and excellent stability 
in the alkaline electrolyte.

2  Experimental

2.1  Synthesis of  SiO2 nanospheres

Uniform  SiO2 nanospheres were prepared by Stöber method 
[26, 27]. Typically, 8  mmol of tetraethyl orthosilicate 
(TEOS, 93.2 wt.% ~ 93.6 wt.%) was dissolved in 16 mL of 
 H2O and 92 mL of ethanol. After stirring for 30 min, 3 mL 
of concentrated ammonia hydroxide  (NH4OH, 25 wt.% ~ 28 
wt.%) was added quickly and continued stirring for 2 h. The 
resulting mixed solution was collected by centrifugation at 
high speed and washed several times with deionized water 
and ethanol  (C2H6O, ≥ 95 wt.%). Finally, the powder was 
placed in a drying oven at 70 °C for 12 h.
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2.2  Synthesis of  SiO2/NC/Co‑CNTs catalysts

0 . 6   m m o l  o f  c o b a l t  n i t r a t e  h ex a hy d r a t e 
(Co(NO3)2·6H2O, ≥ 98.5 wt.%), 2.8 mmol of glucose (52.5 
wt.% ~ 53 wt.%), and 40 mmol of urea (≥ 99 wt.%) were 
dispersed in 20 mL of deionized water. After awaiting for 
15 min, 0.5 g of  SiO2 was added and continued stirring for 
15 min, then ultrasonicated for 15 min. The resulting mix-
ture was dried overnight in a vacuum at 80 °C. 0.3 g of the 
obtained powder and 0.3 g of basic zinc carbonate (Zn ≥ 57.0 
wt.%) were added to a mortar and ground for 30 min. The 
ground samples were placed in a porcelain boat and heat-
treated in an Ar atmosphere in a tube furnace. The samples 
were first kept at 550 °C for 2 h, and then kept at 1000 °C 
for 1 h and waited for natural cooling, with a heating rate 
of 5 °C·min−1. For comparison, the additional amount of 
urea (400 mmol, 4 mmol) was optimized to achieve a higher 
electrocatalytic activity.

2.3  Synthesis of  SiO2/NC/Co and NC/Co‑CNTs 
catalysts

To investigate the role of basic zinc carbonate in the con-
struction of a soft template, a contrast catalyst without basic 
zinc carbonate, marked as  SiO2/NC/Co, was prepared with 
other parameters unchanged. Furthermore, the additional 
amount of basic zinc carbonate (0.15 g, 0.45 g) was opti-
mized. At the same time, to further explore the impact of 
the  SiO2 hard template on electrocatalytic performance, 
catalysts with different  SiO2 addition amounts (0, 0.3, 0.6 g) 
were prepared. The catalyst without adding  SiO2 was labeled 
as NC/Co-CNTs.

2.4  Alkaline etching of  SiO2/NC/Co‑CNTs (AE‑SiO2/
NC/Co‑CNTs) catalysts

To understand the role of the hard template, the  SiO2 hard 
template in  SiO2/NC/Co-CNTs catalysts was alkaline-
etched. In a word, the  SiO2/NC/Co-CNTs catalysts were 
dissolve in 2 mol·L−1 NaOH aqueous solution (100 mL) and 
kept at 50 °C for 8 h. The mixture was collected by centrifu-
gation and washed several times with  H2O. The obtained 
product (AE-SiO2/NC/Co-CNTs) was dried in a vacuum 
oven at 80 °C for 24 h.

2.5  Characterization

Field emission scanning electron microscope (FESEM, 
SU-8010, HITACHI, Japan) and energy-dispersive X-ray 
spectroscopy (EDS, Oxford, Xplore, England) were used to 
observe the morphology and elemental content of the cata-
lyst. At the same time, transmission electron microscopy 
(TEM, JEM-2100F, JEOL, Japan) was used to investigate 

the internal microstructure of the catalyst. Furthermore, the 
phases of catalysts were determined by X-ray diffraction 
(XRD, D8-Advance, Bruker, Germany). Additionally, X-ray 
photoelectron spectroscopy (XPS, Thermo escalab 250Xi, 
America) was conducted to analyze the chemical composi-
tion and element valence state of the catalyst. Micromeritics 
surface area analyzer (BRT, ASAP2020 M, Micromeritics, 
America) was used to test the Brunauer–Emmett–Teller 
(BET) specific surface area and pore size distribution of the 
catalyst.

2.6  Electrochemical measurements

The classic three-electrode system was used to evaluate 
the performance of the catalysts. The platinum wire, satu-
rated Ag/AgCl, and glass carbon (diameter of 3 mm) were 
selected as the counter, reference, and working electrodes, 
respectively. Furthermore, all electrochemistry performance 
tests were finished in KOH (1 mol·L−1) electrolyte, and ana-
lyzed by an electrochemical workstation (CHI 760E, Shang-
hai Huachen Instrument Co., Ltd., China) equipped with a 
rotation apparatus (RRDE-3A, ALS Inc., Tokyo, Japan), and 
prepared the working electrode as follows: 4 mg catalyst was 
added into Nafion solution (5 wt.%, 1 mL), and after ultra-
sonic treatment for 2 h, the obtained catalyst ink was dropped 
on the working electrode with a load of 0.2 mg·cm−2. The 
electrochemical properties of the catalysts were evaluated by 
cyclic voltammetry (CV), linear sweep voltammetry (LSV), 
and the electrochemical impedance spectrum (EIS). Double-
layer capacitance (Cdl) is obtained by recording CV curves 
at different scanning rates (20, 40, 60, 80, and 100 mV·s−1). 
LSV curves were operated at a scan rate of 5 mV·s−1. The 
catalyst stability was evaluated at constant potential. The 
EIS measurements were tested in the frequency range from 
0.01 Hz to 100 kHz at an alternating current voltage (AC) 
of 5 mV. The measured Ag/AgCl potential is converted 
into a reversible hydrogen electrode (RHE) by the formula 
E(RHE) = E(Ag/AgCl) + 0.0591 × pH + 0.197 (E(RHE): reversible 
hydrogen potential, E(Ag/AgCl): reference electrode potential, 
pH: pH value of the electrolyte) [28].

3  Results and discussion

A schematic diagram of the straightforward fabrication pro-
cess and the synthetic chemistry involved for  SiO2/NC/Co-
CNTs is shown in Fig. 1. Specifically, hard template (silica 
nanospheres), carbon sources, nitrogen sources, and metal 
sources were mixed in an agate mortar. Then, the  SiO2/NC/
Co-CNTs catalyst was obtained by simple physical grinding 
mixing and high-temperature pyrolysis of the dried drug and 
the soft template accelerant zinc carbonate  (Zn2(OH)2CO3) 
in an appropriate ratio. The highly dispersed metal Co 
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nanoparticles are mosaiced in NC, and promoted the forma-
tion of CNTs. The presence of NC in composites can prevent 
metal nanoparticles from being exposed to alkalis to cause 
dissolution or aggregation [29], thereby improving the sta-
bility of active species [30]. As a result, a 3D porous hetero-
structure with high conductivity and stable structure is con-
structed. Importantly,  SiO2 nanospheres, as a hard template, 
have a limiting effect. During the high-temperature pyroly-
sis, glucose-derived carbon is wrapped on the surface of 
 SiO2 nanospheres, which significantly increases the specific 
surface area and promotes the contact area of the electrolyte. 
Furthermore, silica nanospheres typically have rich pore 
structures that can be used as adsorption and storage areas 
for reactive substances. Meanwhile, the pore structure helps 
improve the accessibility of reactants, making it easier to 
reach the catalyst surface, thereby enhancing reaction kinet-
ics. In addition,  Co2+ will catalyze urea to form NC during 
pyrolysis, which can effectively improve the conductivity of 
the catalyst. At the same time, the graphitized carbon has the 
effect of carbothermal reduction [31]. It promotes the forma-
tion of highly dispersed metallic Co nanoparticles under the 
limited domain, which provides a highly dispersed active 
site and alleviates the oxidation of the active site during the 
OER process. Finally, basic zinc carbonate is used as a soft 
template accelerator to achieve the controlled growth of 1D 
CNTs [32]. The basic zinc carbonate can be decomposed at 
1000 °C, leaving a porous structure and further facilitating 
the exposure of the active sites. For the catalyst obtained 
without the addition of basic zinc carbonate  (SiO2/NC/Co), 
no CNTs are found, as described below.

The crystal phases of the catalysts were investigated by 
XRD. As manifested in Fig. 2a, the peak at ~ 26.3° is the 
(002) face of graphitic carbon [33]. Three distinct strong 
peaks located at 44.2°, 51.5°, and 75.9° are attributed to 
the (111), (200), and (220) faces of metal Co (JCPDS No. 
15-0806), respectively [34], confirming the formation of 
metallic Co. The broad peak at ~ 21° is attributed to  SiO2 
(JCPDS No. 76-0939). By observing the XRD pattern of 
AE-SiO2/NC/Co-CNTs, it is found that the peaks every-
where can be matched with the  SiO2 phase (JCPDS No. 

77-1060), and the peak of Co basically disappears, which 
may be attributed to the strong crystallinity of  SiO2 at 
high temperature [35, 36]. XPS investigates each element’s 
surface compositions and valence states in  SiO2/NC/Co 
and  SiO2/NC/Co-CNTs catalysts. The XPS survey spectra 
in Figs. S1, S2 identify the presence of Co, Si, N, O, and 
C elements, and the loading content of Co is around 0.8 
at.%. The high-resolution of the Co 2p spectrum shows 
two main fitted peaks at 781.3 eV (Co  2p3/2) and 796.8 eV 
(Co  2p1/2), as well as two corresponding satellite peaks at 
786.9 eV and 804.1 eV (Fig. 2b) [37]. The signal located 
in the Co  2p3/2 and Co  2p1/2 regions can be easily iden-
tified as Co–N bonds [38]. The high-resolution of the 
Si 2p spectrum is decomposed into four peaks at 102.4, 
103.2, 103.8, and 104.4 eV (Fig. 2c), corresponding to 
 Si2O, SiO,  Si2O3, and  SiO2 [39]. The high-resolution N 
1 s spectrum is well decomposed into five peaks (Fig. 2d), 
namely pyridinic-N (402.8 eV), Co–N (399.9 eV), pyr-
rolic-N (399.1 eV), graphite-N (401.0 eV), and oxide-N 
(398.4 eV). Among them, the content of pyridinic-N and 
graphite-N, considered as efficient active components for 
the OER process [40], is the highest (Fig. S3). The pres-
ence of Co–N species through the coordination of surface 
Co with electronegative N elements further confirms the 
strong interaction between Co nanoparticles and N-doped 
carbon matrix [41]. The high-resolution C 1s spectrum has 
two main fitting peaks of 285.1 and 286.0 eV (Fig. 2e), 
which can be ascribed to C–C and C–N, respectively. 
The other two peaks centered at 284.5 and 288.3 eV are 
attributed to C = C and O = C, respectively [42, 43]. The 
presence of C–N bonds indicates the successful coupling 
of N heteroatoms into the carbon matrix. Because N het-
erogeneous atoms are very electronegative, N doping can 
alter the electron cloud distribution of adjacent C atoms, 
thereby enhancing the intermediate product adsorption 
capacity of catalysts [44]. In addition, two peaks can be 
separated in the high-resolution O 1s spectrum (Fig. 2f). 
The peaks observed at 533.1 and 530.8 eV can be attrib-
uted to surface absorbed O and C–O, respectively, which 
is due to slight oxidation of the metal [45–47].

Fig. 1  Schematic illustration of the formation for  SiO2/NC/Co-CNTs
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The morphologies of the as-prepared catalysts were 
observed by scanning electron microscope (SEM), as shown 
in Fig. 3. The  SiO2/NC/Co catalyst exhibits that numerous 
uniform  SiO2 nanospheres with a diameter of ~ 100 nm are 
tightly anchored on ultrathin carbon nanosheets, forming 
a stable matrix (Figs. 3a–c, S4). Furthermore, numerous 
porous structures are observed in the  SiO2/NC/Co cata-
lyst, which is due to the carbon pores caused by the drop 
of  SiO2 nanospheres. After adding a soft template (basic 
zinc carbonate), the obtained  SiO2/NC/Co-CNTs catalysts 
clearly show a prominent hollow carbon tubular structure 
(Figs. 3d–f, S5). Apparently, the basic zinc carbonate plays 
a significance part in the formation of tubular structures 
during heat treatment. Meanwhile, numerous CNTs with a 
length of ~ 500 nm and a diameter of ~ 60 nm, acting as a 
conductive channel, are grown from the matrix (Fig. 3f). In 
addition, the nanoparticles encapsulated at the end of CNTs 
can be assigned to Co nanoparticles (diameter of ~ 100 nm) 
(Fig. 3g), which shows high dispersion behavior. Figure S6 
further confirms that some Co nanoparticles are encapsu-
lated at the end of CNTs. The element distribution in  SiO2/
NC/Co-CNTs catalysts was analyzed by energy-dispersive 
X-ray spectroscopy (EDS), and it was found that each ele-
ment (Co, Si, N, O, C) is uniformly distributed on the cata-
lysts (Figs. 3h, S7).  N2 adsorption–desorption spectrum in 

Fig. 3i indicates the high Brunauer–Emmett–Teller (BET) 
specific surface area of 112.4  m2·g−1 for  SiO2/NC/Co-CNTs, 
which can expose more active sites. The pore distribution in 
the inset of Fig. 3i demonstrates the abundant mesoporous 
structure (3.9 nm), which can promote the contact between 
the electrolyte and the catalyst. On the other hand, after etch-
ing  SiO2 nanospheres, it is observed that both the granular 
and tubular structures disappeared (Fig. S8), which is caused 
by the facility’s collapse during the etching process. For the 
NC/Co-CNTs catalyst obtained without the addition of  SiO2 
nanospheres, there are still a large number of Co nanoparti-
cles encapsulated in CNTs (Fig. S9), while the porous struc-
ture disappears, further demonstrating the role of  SiO2 hard 
templates in constructing 3D porous structures.

TEM is used to further observe the internal microstruc-
ture of the  SiO2/NC/Co-CNTs and  SiO2/NC/Co catalysts. 
For  SiO2/NC/Co catalysts without adding basic zinc car-
bonate (Fig. 4a–c), the CNTs component is unobservable, 
further confirming the decisive role of the soft template. 
Furthermore, the glucose-derived ultra-thin carbon layer 
is wrapped on the surface of  SiO2 nanospheres, forming 
an obvious 3D porous heterostructure (Fig. 4b). In addi-
tion, the highly dispersed metal Co nanoparticles are firmly 
fixed in porous carbon matrix assembled by numerous thin 
carbon nanosheets with thickness of ~ 3 nm (Fig. 4c). After 

Fig. 2  a XRD patterns of the catalysts; XPS spectra of b Co 2p, c Si 2p, d N 1s, e C 1s, and f O 1s of  SiO2/NC/Co and  SiO2/NC/Co-CNTs cata-
lysts
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adding basic zinc carbonate, the formed  SiO2/NC/Co-CNTs 
catalysts contain many highly dispersed Co nanoparticles 
(Figs. 4d, S10), which are confined to  SiO2 matrix and car-
bon carriers with high conductivity. Furthermore, bamboo-
like CNTs are closely connected with the matrix to form a 
conductive network. Figure 4e, f shows the high-resolution 
TEM (HRTEM) images of  SiO2/NC/Co-CNTs. Clearly, Co 
nanoparticles are coated by thin carbon with several lay-
ers, which acts as “armor” to limit the growth of Co nano-
particles and protect the metallic Co from oxidation [48]. 
The bamboo-like CNTs are highly graphitized with a lattice 
spacing of 0.34 nm. The hollow structure inside bamboo-
like CNTs is conducive to shorten the electron transmis-
sion path and enhance the electron transmission capacity. 
HRTEM image in Fig. 4g detects the (111) plane of metallic 
Co with a lattice spacing of 0.21 nm [49]. EDS element 
mapping image indicates that Si and O elements are uni-
formly distributed throughout  SiO2/NC/Co-CNTs catalyst, 
Co elements are located on Co nanoparticles, while N and 

C elements are centered on carbon matrix and CNTs. The 
above results fully demonstrate the successful preparation of 
the 3D porous  SiO2/NC/Co-CNTs catalyst under the action 
of double templates.

It is expected that the  SiO2/NC/Co-CNTs catalysts with 
excellent stability, abundant nitrogen heteroatoms doping, 
and highly dispersed metal active sites will provide strong 
electrocatalytic kinetics. Therefore, the OER performance of 
the catalysts is investigated. As shown in the LSV polariza-
tion curves (Fig. 5a), the as-synthesized  SiO2/NC/Co-CNTs 
catalyst requires an overpotential of only 298 mV (1.528 
vs. RHE) to achieve a current density (j) of 10 mA·cm−2, 
which is lower than the norm  RuO2 (330 mV, 1.560 V vs. 
RHE). The robust activity (298 mV@10 mA·cm−2) for the 
 SiO2/NC/Co-CNTs catalyst is superior to that of many lat-
est OER catalysts, as listed in Table S1. The electrocatalytic 
active surface area (ECSA)–correct LSV curve of the cata-
lyst in Fig. S11 shows that  SiO2/NC/Co-CNTs exhibits the 
lowest onset potential and the highest current density at a 

Fig. 3  SEM images of a–c  SiO2/NC/Co and d–g  SiO2/NC/Co-CNTs catalysts; h EDS elemental mapping of  SiO2/NC/Co-CNTs catalysts; i  N2 
adsorption–desorption isotherms (insert of pore distribution) of  SiO2/NC/Co-CNTs catalysts
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given potential, indicating its higher intrinsic OER activity. 
In contrast, the  SiO2/NC/Co catalyst has weak OER activ-
ity with an overpotential of 519 mV, indicating the impor-
tance of basic zinc carbonate as a soft template in control-
ling catalyst morphology and improving catalyst activity. 
The optimized content of basic zinc carbonate in  SiO2/NC/
Co-CNTs catalysts for the OER process is 0.3 g (Fig. S12). 
Likewise, the OER activity of NC/Co-CNTs without adding 

 SiO2 nanospheres is also poor (444 mV@10 mA·cm−2). 
NC/Co-CNTs catalysts with different content of  SiO2 nano-
spheres display relatively different OER activities (Fig. 
S13). It can be confirmed that  SiO2 as a hard template with 
appropriate content can improve the activity of the catalyst. 
Importantly, after AE, the OER activity of AE-SiO2/NC/
Co-CNTs declined (402 mV@10 mA·cm−2), which is due 
to the collapse of the framework, as confirmed by the above 

Fig. 4  a–d TEM and e–g HRTEM images of a–c  SiO2/NC/Co and d–g  SiO2/NC/Co-CNTs catalysts; h EDS mapping image of  SiO2/NC/Co-
CNTs catalysts
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SEM results. In addition, urea plays an important role as a 
nitrogen and partial carbon source. Thus, the OER activity 
of catalysts with different contents of urea is investigated 
(Fig. S14), indicating that the optimized content of urea is 
40 mmol. The electrochemical kinetics of different electro-
catalysts were evaluated by Tafel slope. The smaller the Tafel 
slope, the faster the reaction kinetics, the better the perfor-
mance of the catalyst. As shown in Fig. 5b, the Tafel slope 
of  SiO2/NC/Co-CNTs catalyst (93.4 mV·dec−1) is the lowest, 
which is close to that of standard  RuO2 (94.8 mV·dec−1) and 
lower than that of AE-SiO2/NC/Co-CNTs (131.1 mV·dec−1) 
and  SiO2/NC/Co (151.4 mV·dec−1), revealing better OER 
electrocatalytic kinetics for  SiO2/NC/Co-CNTs [50].

CV curves recorded at different scan rates to evaluate 
the electrochemical double-layer capacitance (Cdl), which 
is an important indication for insight into the intrinsic cata-
lytic activity. According to the CV curves, the Cdl values 
of the samples are calculated, as shown in Fig. 5c. Obvi-
ously, compared to the Cdl values of AE-SiO2/NC/Co-CNTs 
(1.3 mF·cm−2),  SiO2/NC/Co (0.3 mF·cm−2), and  RuO2 (5.5 
mF·cm−2),  SiO2/NC/Co-CNTs catalyst enables the largest 
Cdl value of 7.7 mF·cm−2, which indicates the strong intrin-
sic activity for  SiO2/NC/Co-CNTs. Furthermore, the ECSA 
of the electrocatalyst can be calculated using the equation 
of ECSA = Cdl/Cs, where Cs is the specific capacitance of 
a flat surface (0.04 mF·cm−2) [51]. As shown in Fig. S15, 

 SiO2/NC/Co-CNTs exhibit the highest ECSA value of 192.5. 
The results verify that the  SiO2/NC/Co-CNTs catalyst can 
provide more exposed active sites and inherit higher intrin-
sic activity. At the same time, EIS is performed to deeply 
understand the electron transfer kinetics of the OER process. 
Figure 5d presents that  SiO2/NC/Co-CNTs catalyst enables 
the more negligible charge-transfer resistance (Rct, 44.5 Ω), 
and the best reaction kinetics were confirmed. However, 
the commercial  RuO2 (66.8 Ω) shows larger Rct values. In 
addition, the contact resistance (Rs) for  SiO2/NC/Co-CNTs 
catalyst is about 10 Ω, indicating its small resistance and 
good ion response. The high conductivity of graphitic car-
bon matrix and 1D CNTs is believed to contribute to the 
strong reaction kinetics and good ion response of  SiO2/NC/
Co-CNTs.

Long-term stability is an important index to evaluate 
the performance changes in electrocatalysis applications. 
Therefore, the LSV curves of  SiO2/NC/Co-CNTs before and 
after 3000 continuing CV cycles are recorded, as shown in 
Fig. 5e. Clearly, at a current density of 10 mA·cm−2, the 
overpotential decays by 10 mV, suggesting the excellent 
long-term stability for  SiO2/NC/Co-CNTs. On the side, we 
further evaluated the stability of  SiO2/NC/Co-CNTs cata-
lysts under a continuous OER process at a constant potential 
of 1.531 V (vs. RHE). As shown in Fig. 5f, the current den-
sity remains 97% during the 20 h test period. Notably, there 

Fig. 5  a LSV curves; b Tafel slopes; c Cdl values, and d EIS spectra of the catalysts; e CV cycling and f long-term stability test of  SiO2/NC/Co-
CNTs catalyst (Insert: SEM image of  SiO2/NC/Co-CNTs catalyst after long-term stability test)
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are no important changes in the morphology and structure of 
the  SiO2/NC/Co-CNTs catalyst after the long-term stability 
test (insert of Figs. 5f, S16). The structure of the catalyst 
retains the integrity of the highly dispersed Co nanopar-
ticles, this can be attributed to the stable catalyst structure 
induced by the dual-template strategy. In addition, after 
100 h of stability test, the current density can still maintain 
90.5%, further revealing the good catalytic stability of  SiO2/
NC/Co-CNTs catalysts.

4  Conclusions

In summary, a 3D porous  SiO2/NC/Co-CNTs heterostructure 
with highly dispersed Co nanoparticles, CNTs conductive 
channels, and abundant nitrogen heteroatoms doping are rea-
sonably constructed by a dual template strategy. The  SiO2 
hard template can provide a 3D porous structure, increase 
the specific surface area, and promote the contact area of 
the electrolyte. At the same time, the basic zinc carbon-
ate soft template can control the growth of 1D CNTs and 
facilitate the exposure of the active sites. Therefore,  SiO2/
NC/Co-CNTs catalyst inherits excellent OER activity with 
a low overpotential (298 mV@10 mA·cm−2). In addition, 
 SiO2/NC/Co-CNTs catalyst enables good long-term dura-
bility with a 10 mV decay in overpotential after 3000 CV 
cycles, and 97% remain in current density over 20 h. This is 
beneficial from the stable 3D structure and the close combi-
nation of Co/SiO2 nanoparticles with carbon carriers. This 
study provides a new strategy for fine construction of hard 
and soft dual templates with highly dispersed active sites in 
electrocatalysts.
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