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Abstract 

The self-catalyzed growth of nano-structures on material surfaces is an economic and 

time-efficient way of designing multifunctional electrocatalysts for vast applications. 

NiCo bimetallic nanoparticles embedded in N-doped nanotubes (NCNTs) on carbon 

cloth substrate were formed here by a simple two-step method via hydrothermal 

treatment followed by in-situ pyrolysis and self-catalysis through chemical vapor 

deposition. The unique three-dimensional network and Ni/Co-N-C coordination of 

NiCo/NCNTs electrocatalyst provide predominant advantage for short-range and 

long-range conductivity and exposure of active sites. Such beneficial characteristics 

result in significant improvement in oxygen evolution reaction (OER) performances. 

The electrocatalysts obtained from two NiCo bimetallic hydroxides with different 

structures exhibit the overpotential of 210 and 290 mV at current density of 20 mA 

cm−2 and the Tafel slope of 148 and 160 mV dec−1, respectively. In addition, 

electrocatalysts showed long-term stability throughout 25 h with negligible lost in 

catalytic activities of approximately 10.6% and 12.8%, respectively. 

Keywords: In-situ, Self-catalyzed, Carbon nanotubes, Bimetallic nanoparticles, 

Oxygen evolution reaction 

1. Introduction 

With a rapid consumption of traditional fossil fuels and a serious environmental 

crisis, the use of renewable and clean energy can be facilitated through the 

development of state-of-the-art, cheap, and efficient energy conversions and storage 

systems [1-7]. The oxygen evolution reaction (OER) plays an important role for the 

electrocatalysis in the application of electrochemical water splitting and metal-air 

battery. However, highly efficient electrocatalysts are vastly needed to increase 

overall reaction efficiency because of the sluggish kinetics [8-10]. Although noble 

metal-based materials such as RuO2 and IrO2 have been widely used as OER 

electrocatalysts, their high cost, scarcity and poor versatility have severely hindered 
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their practical usage [11]. Therefore, it is necessary to develop low-cost and efficient 

alternative electrocatalysts (e.g., metal-based oxides, hydroxides and carbonaceous 

materials) for OER [12-14]. 

Recent studies were undertaken with the purpose of developing effective 

electrocatalysts by integrating earth-rich transition metal (TM)-based materials (metal 

= Fe, Co, Ni, etc.) and carbonaceous materials (e.g., graphene, reduced graphene 

oxide and carbon nanotubes), which have significantly superior electrochemical 

properties and good stability as compared to their single-component materials [15-18]. 

The designed nanostructures have unique surface functions that show promising 

energy storage and conversion capabilities [19]. Particularly, bimetallic transition 

metals (such as NiCo, FeCo and NiFe) with different oxidation states have the 

synergistic effect of multivalent transition between two metals for rapid Faraday 

reactions [20-23]. Among them, NiCo-based materials provide a realistic perspective 

for application due to the advantages of variable valency, plentiful earth resources and 

eco-friendly characteristics [24-26]. Among various carbonaceous materials, carbon 

nanotubes (CNTs) are widely used in energy storage and conversion due to their 

attractive and unique physicochemical properties [27, 28]. However, the CNTs with 

one-dimensional and nanoscale structure still face many problems such as anisotropy 

growth, poor dispersion and high interfacial resistance [29]. It is an effective strategy 

to integrate CNTs into a three-dimensional interconnection network. Moreover, it has 

been reported that the electronic structure of CNTs can be modified by heteroatoms 

(N, O, B, F and P) doping [30]. N-doping is one of the most widely used dopants that 

can improve the electrical conductivity and wettability of the carbonaceous materials 

[29, 31]. Those are the basis for the efficient electrocatalysts. In general, powdery 

electrocatalysts are mixed with polymer binder, such as Nafion, and then spread on 

the electrically conductive substrates for the OER process. The use of non-conductive 

binders severely hinders the electron transport pathways and therefore reduces the 

catalytic activity. The continued release of O2 gas during the OER reaction 

contributes to the irreversible peeling of the electrocatalysts from the surface of 
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electrode. This seriously impacts the long-term stability of electrochemical 

performance. Therefore, in-situ synthesis of self-supporting electrodes directly on 

conductive substrates is a practical and important strategy to tackle the 

abovementioned limitations. 

Herein, we have engineered and synthesized a novel OER electrode with 

three-dimensional (3D) architecture consisting of N-doped CNTs (NCNTs) 

incorporated with NiCo bimetallic nanoparticles. The 3D electrodes were made using 

a facile two-step approach through hydrothermal treatment followed by in-situ 

pyrolysis and self-catalyzed reaction via chemical vapor deposition (CVD) process. 

The resultant electrodes showed low overpotential of 152 and 227 mV (at current 

density of 10 mA cm−2), Tafel slope of 148 and 160 mV dec−1 for the electrocatalysts 

obtained from two NiCo bimetallic precursors, respectively, and excellent 

long-lasting durability over 25 h without drastic decay in OER performances. The 

superior OER performances are believed to be associated with the 

short-range/long-range conductivity contributed from hierarchical 3D network 

structure and multiple catalytic sites attributed to Ni/Co-N-C coordination. 
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Fig. 1. (a) Apparatus diagram for the preparation of NCNTs by a two-step process. (b) 

Schematic illustration for formation of NiCo bimetallic nanoparticles-embedded 

NCNTs. (c) Schematic diagram of structure and morphology evolution of 

N-NCNTs@CC and S-NCNTs@CC for OER response. 

2. Results and discussion 

A two-step synthesis method was used to obtain efficient OER electrode material 

by combining elemental doping and structural design strategies. Fig. 1a shows the 

schematic illustration of the synthesis process of NCNTs embedded with NiCo 

bimetallic nanoparticles on flexible carbon cloth (CC). It is known that the CC has a 

remarkable mechanical property and electrical conductivity [32]. Thus, it was used as 

substrate for 3D-electrode fabrication. The original CC is made up of a cross-woven 

carbon fiber bundle framework, as shown in Fig. S1. The hierarchical NiCo 

hydroxides with nanoneedle-like and nanosheet-like structures supported on CC, 

namely NCNN@CC and NCNS@CC, respectively, were first synthesized under 

hydrothermal treatment. The energy dispersive spectroscopy (EDS) element mapping 

images show the uniform distribution of Ni and Co elements on CC (Fig. S2 and S3). 

XRD patterns also confirm the successful synthesis of NiCo hydroxides (Fig. S4). 

Subsequently, the obtained products were added with melamine to yield 3D-electrode 

materials through CVD process (see detailed methods in Supporting Information). As 

illustrated in Fig. 1b, during the CVD treatment when the temperature reached 217 °C, 

melamine (C3H6N6) pyrolysis (C3H6N6→C3N4+2NH3) occurred [33], as confirmed 

by the thermogravimetric analysis (TGA) in Fig. S5. The reducing atmosphere NH3, 

continuously and stably reduced Ni and Co ions to NiCo bimetallic nanoparticles 

firstly. In the subsequent CVD process, the carbon and nitrogen atoms obtained from 

the pyrolysis of g-C3N4 dissolved at elevated temperature of 850 °C and precipitated 

on the surface of the NiCo bimetallic particles, resulting in the growth of NCNTs. At 

such annealing temperature, the in-situ self-catalyzed reaction happened and resulted 

in the formation of two distinct 3D electrodes containing N-NCNTs@CC (evolved 
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from NCNN@CC) and S-NCNTs@CC (evolved from NCNS@CC). The 

morphological mechanism for the evolution of the entire synthesis is shown in Fig. 

1c. 

 

Fig. 2. SEM images of (a, b) NCNN@CC, (c, d) NCNS@CC, (e, f) N-NCNTs@CC, 

(g, h) S-NCNTs@CC. 

Scanning electron microscopy (SEM) was carried out to further identify the 

morphology and structure of as-obtained materials. SEM images (Fig. 2a and 2b) 

clearly exhibit the as-synthesized NCNN@CC precursor with nanoneedle array in-situ 

grown uniformly on the surface of CC with the length of ~5 µm. In sharp contrast, 

NCNS@CC were covered with nanosheet array, which were staggered and stacked by 

ultra-thin nanosheet with the diameters larger than 5 µm, as shown in Fig. 2c and 2d. 

Subsequently, the NCNTs were in-situ formed by self-sacrificial and self-catalyzed 

NiCo hydroxides with different morphologies under the heat treatment with the 

assistance of pyrolytic NH3 atmosphere. N-NCNTs@CC exhibited uniform in-situ 

growth of NCNTs on the CC surface, as illustrated in Fig. 2e and 2f. However, the 

S-NCNTs@CC displayed distinct different micromorphology. On the surface of CC, 

spheres with the diameter of ~3–10 µm were formed by local aggregation of NCNTs, 

as shown in Fig. 2g. In addition to straight NCNTs, spiral NCNTs were also observed 

at the intertwined NCNTs spheres, as displayed in Fig. 2h. The high-resolution SEM 

(HRSEM) images display the detailed microstructure information of NCNTs (Fig. S6 

and S7). N-NCNTs@CC exhibited a neat NCNTs growth matrix on the surface of 
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bare CC. But for S-NCNTs@CC, NCNTs with heterogeneous growth orientation were 

obtained. In addition, the presence of NiCo bimetallic nanoparticles were easily 

observed at the top and channel parts of NCNTs for both N-NCNTs@CC and 

S-NCNTs@CC. This phenomenon was further confirmed by the HRSEM images of 

N-NCNTs and S-NCNTs and their corresponding EDS element mapping, as shown in 

Fig. S8 and S9. It can be found that C, N and O elements were uniformly distributed 

on the surface of NCNTs, while Ni and Co elements were concentrated at the location 

of bimetallic nanoparticles. 

 

Fig. 3. (a–d) TEM images of NCNN@CC, NCNS@CC, N-NCNTs@CC and 

S-NCNTs@CC, respectively. (e–h) HRTEM images of NCNN@CC, NCNS@CC, 

N-NCNTs@CC and S-NCNTs@CC, respectively. (i–l) HAADF images and 

corresponding elemental mapping images of NCNN@CC, NCNS@CC, 

N-NCNTs@CC and S-NCNTs@CC, respectively. 

The transmission electron microscopy (TEM) was used to further investigate the 

morphological evolution from precursors (NCNN@CC and NCNS@CC) to in-situ 

self-catalyzed growth products of N-NCNTs@CC and S-NCNTs@CC. As displayed 

in Fig. 3a and 3b, NCNN@CC and NCNS@CC present nanoneedle and nanosheet 
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structures, respectively. Subsequently, the CVD process cultivates NiCo bimetallic 

nanoparticles embedded inside the NCNTs, as shown in Fig. 3c and 3d, well matching 

with the SEM images. Further, the high-resolution transmission electron microscopy 

(HRTEM) images illustrate that the lattice spacing of 0.506 nm refers to (020) facet 

for NCNN@CC, as well as the lattice spacings of 0.381 and 0.228 nm correspond to 

(006) and (015) facets of NCNS@CC (Fig. 3e and 3f). HRTEM images clearly 

demonstrate the regions of NCNTs embedded with NiCo bimetallic nanoparticles 

from N-NCNTs@CC and S-NCNTs@CC (Fig. 3g and 3h). The wall of NCNTs 

composed by several layers of graphitic carbon, and the lattice spacing of 0.35 nm 

corresponds to (002) facet. Moreover, the lattice spacing of 0.204 nm corresponding 

to the (111) facet of Ni and Co was also obtained, which indicate the synthesis of 

NiCo bimetallic nanoparticles embedded in NCNTs. Fig. 3i–l exhibit the high-angle 

annular dark field electron microscopy (HAADF) and corresponding elemental 

mapping images before and after CVD treatment. For two precursors (NCNN@CC 

and NCNS@CC), Ni, Co and O elements distributed uniformly among the whole 

nanoneedle and nanosheet, respectively, as shown in Fig. 3i and 3j. After in-situ 

self-catalyzed growth of NCNTs (Fig. 3k and 3l), C, O and N elements distributed 

homogeneously among the NCNTs, indicating the N-doped in CNTs, while Ni and Co 

elements were mainly appeared in the place of nanoparticles. Due to the strong 

electron interaction between metal and support, NiCo bimetallic nanoparticles were 

embedded in the channel of NCNTs and migrated along with the growth direction of 

NCNTs, thus forming NCNTs embedded with NiCo nanoparticles. 

The X-ray diffraction (XRD) patterns of S-NCNTs@CC and N-NCNTs@CC were 

analyzed to identify their crystalline phases, as shown in Fig. 4a. Compared with bare 

CC, the peak at 2θ value of 26.3° can be observed for both S-NCNTs@CC and 

N-NCNTs@CC, which is assigned to the (002) facet of graphitic carbon [34]. In 

addition, three extra diffraction peaks emerged at 44.4°, 51.7° and 76.1° 

corresponding to (111), (200) and (220) facets of Ni (PDF#04-0850) and Co 

(PDF#15-0806) [35], attributed to the encapsulation of NiCo in the nanochannel of 
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NCNTs. The Brunauer-Emmett-Teller (BET) analysis was also carried out by N2 

adsorption-desorption, as shown in Fig. 4b, 4c and Fig. S10. The samples modified by 

NCNTs embedded with NiCo bimetallic nanoparticles exhibit relatively high BET 

surface areas of S-NCNTs@CC (59.15 m2 g–1) and N-NCNTs@CC (30.15 m2 g–1), 

comparing with bare CC (6.32 m2 g–1). This is also indicative of the substantial 

increase in porosity of the 3D materials after the self-catalysis reaction. The values of 

total pore volume for S-NCNTs@CC, N-NCNTs@CC and bare CC are 0.1593, 

0.1278 and 0.0065 cm3 g–1, respectively. The large surface area and pore volume 

provide sufficient electrode/electrolyte interfaces for the exposed active sites as well 

as the unique structure guarantee the high rate electron transformation. Moreover, the 

Raman spectroscopy was further performed to analyze the phase composition and the 

degree of graphitization of S-NCNTs@CC and N-NCNTs@CC, as displayed in Fig. 

4d. Two main peaks can be observed at 1354 and 1580 cm–1, which could be 

attributed to defective carbon atoms (D band) and the sp2-graphitic carbon (G band) 

[36, 37]. Besides, S-NCNTs@CC exhibits another peak at about 2690 cm–1, which 

was known as 2D-band and attributed to a double resonance process [38]. Generally, 

the G-band displays the crystallinity in the graphite structure, while the intensity of 

the D-band reveals the impurities and defects. The intensity ratio of the two bands 

(ID/IG) is considered as an indicator to characterize the graphitization degree of 

carbonaceous materials [39, 40]. The ID/IG values of S-NCNTs@CC and 

N-NCNTs@CC are 0.96 and 1.00 (Fig. S11), indicating a higher degree of carbon 

graphitization in S-NCNTs@CC, which leads to high conductivity and then facilitates 

the applications of the electrocatalytic electrodes in energy conversion systems [41]. 

Specifically, the NH3 atmosphere in the growth process of NCNTs inhibits the 

formation of amorphous carbon and carbon parcel, which is favorable for the 

synthesis of NCNTs with high quality crystalline [42, 43]. This result was further 

verified by the conductivity of samples as illustrated in Fig. 4e–h. Compared with the 

relatively large resistance values of the precursors NCNN@CC (202 Ω) and 

NCNS@CC (313 Ω), the resistance values significantly reduced to 8.5 Ω and 4.6 Ω 

for N-NCNTs@CC and S-NCNTs@CC after the self-catalyzed in-situ growth of 
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NCNTs. 

 

Fig. 4. (a) XRD patterns of S-NCNTs@CC, N-NCNTs@CC and bare CC. (b) N2 

adsorption-desorption isotherm distribution of S-NCNTs@CC, N-NCNTs@CC and 

bare CC. (c) Specific surface area and total pore volume of bare CC, N-NCNTs@CC 

and S-NCNTs@CC. (d) Raman scattering spectra of S-NCNTs@CC and 

N-NCNTs@CC. (e–h) Resistance tests of NCNN@CC, NCNS@CC, N-NCNTs@CC 

and S-NCNTs@CC, respectively. (i) The comparison of C 1s XPS spectra of 

N-NCNTs@CC (upper) and S-NCNTs@CC (bottom). (j) The comparison of N 1s 

XPS spectra of N-NCNTs@CC (upper) and S-NCNTs@CC (bottom). (k) The 

comparison of Ni 2p XPS spectra of N-NCNTs@CC (upper) and S-NCNTs@CC 

(bottom). (l) The comparison of Co 2p XPS spectra of N-NCNTs@CC (upper) and 

S-NCNTs@CC (bottom). 

To further reveal the surface chemical states, X-ray photoelectron spectroscopy 

(XPS) analyses were carried out. The full survey spectra presented in Fig. S12 reveal 

the concomitance of C, N, O, Ni and Co elements in both N-NCNTs@CC and 

S-NCNTs@CC. The corresponding detailed atomic content of the N-NCNTs@CC 
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and S-NCNTs@CC is listed in Table S1, which indicated the doping percentage of 

N-doped S-NCNTs@CC is greater than that of N-NCNTs@CC and more percentage 

of Ni in NiCo nanoparticles for S-NCNTs@CC. As shown in Fig. 4i, the fitting peaks 

of C 1s spectra of the two materials both located at 284.8, 285.9 and 286.7 eV 

correspond to C–C, C–N and C=O/C=N bonds, respectively [41]. The presence of C–

N bonds demonstrated that the N atoms were successfully doped into the atomic 

structure of carbon [44, 45]. The high-resolution N 1s spectra (Fig. 4j) can be 

deconvoluted to four main peaks centered at 398.6, 399.3, 400.2 and 401.3 eV, which 

corresponding to pyridinic N, Ni/Co–N, pyrrolic N and graphitic N bondings, 

respectively [44, 46]. The proportions are 37.0 and 41.2 wt.%, 19.5 and 22.5 wt.%, 

12.2 and 3.7 wt.%, as well as 31.3 and 32. 6 wt.% for N-NCNTs@CC and 

S-NCNTs@CC (Fig. S13). It have been extensively studied that the dominant role of 

pyridinic N can change the current density, spin density, and the π states density of the 

C atoms near the Fermi level, thereby promoting electrocatalysis and regulating the 

surface properties and electronic structure of carbonaceous materials [31, 47-49]. 

Notably, S-NCNTs@CC contained more pyridinic N and Ni/Co–N than 

N-NCNTs@CC (Fig. S13). The NiCo bimetallic nanoparticles and Ni/Co–N–C 

structure employed as dominating anchoring sites to further optimize the adsorption 

energy toward fast and durable electrochemical catalytic process [29, 32, 41]. Fig. 4k 

shows the Ni 2p XPS spectra, besides the shake-up satellites (denoted as “Sat.”), two 

major peaks correspond to Ni 2p1/2 (872.4 eV) and Ni 2p3/2 (854.8 eV) with a 

spin-energy separation of 17.6 eV. As shown in Fig. 4l, the Co 2p XPS spectra can be 

fitted with two main peaks, correspond to Co 2p1/2 (795.3 eV) and Co 2p3/2 (780.0 eV). 

The results confirm the existences of Ni and Co in both two samples, which were 

derived from NCNN@CC and NCNS@CC precursors in synthesis of NCNTs. In 

addition, the XPS results of two precursors were also shown in Fig. S14 and S15, 

indicating the successful fabrication of NCNN@CC and NCNS@CC samples, 

respectively. 
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Fig. 5. Electrocatalytic performance of OER for S-NCNTs@CC, N-NCNTs@CC, 

NCNS@CC and NCNN@CC. (a) Polarization curves of S-NCNTs@CC, 

N-NCNTs@CC, NCNS@CC and NCNN@CC at a scan rate of 1 mV s−1 in 1 M KOH 

solution. (b) Corresponding overpotential and current density of different catalysts at 

10 mA cm−2 and 1.50 V versus RHE. (c) Corresponding Tafel plots derived from the 

LSV curves. (d) CV curves in a potential range of 1.033-1.133 V versus RHE of 

S-NCNTs@CC. (e) CV curves in a potential range of 1.033-1.133 V versus RHE of 

N-NCNTs@CC. (f) Current density difference at 1.083 V plotted against scan rate in a 

non-Faradaic range. (g) Chronopotentiometric curves of S-NCNTs@CC and 

N-NCNTs@CC with the current density at 10 mA cm−2. (h, i) Polarization curves 

before and after 1000 CV cycles of S-NCNTs@CC and N-NCNTs@CC. The insets 

are SEM images after cycles. 

Notably, the OER electrocatalytic performance of the samples was evaluated as 
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working electrodes directly without any further treatment. The electrocatalytic activity 

of S-NCNTs@CC and N-NCNTs@CC, as well as NCNS@CC, NCNN@CC and bare 

CC was investigated in 1 M KOH by a conventional three-electrode electrochemical 

test system. All polarization curves in this work were iR-corrected to account for any 

uncompensated resistance, which was measured by electrochemical impedance 

spectroscopy (EIS), as shown in Fig. S16. The typical electrolyte resistances 

(including the electrodes) are 2.34 and 2.36 Ω for precursors (NCNS@CC and 

NCNN@CC), and 1.93 and 1.94 Ω for products (S-NCNTs@CC and N-NCNTs@CC). 

The polarization curves of samples carried out by employing linear sweep 

voltammetry (LSV) at a scan rate of 1 mV s−1 were presented in Fig. 5a, Fig. S17a 

and Fig. S18. Specifically, the S-NCNTs@CC and N-NCNTs@CC only require 210 

and 290 mV (versus RHE) to reach the current density of 20 mA cm−2, which are 

much lower than their precursors (330 and 400 mV at 20 mA cm−2 for NCNS@CC 

and NCNN@CC), benchmark of RuO2 (360 mV at 20 mA cm−2) and bare CC (680 

mV at 10 mA cm−2). Moreover, to deliver current densities of 50 mA cm−2, the 

required overpotentials for S-NCNTs@CC and N-NCNTs@CC are 280 and 358 mV 

in the flat state as well as 275 and 310 mV in bent state, which demonstrates the 

electrode materials still maintain excellent catalytic performance under the bent state. 

At a potential of 1.50 V versus RHE, S-NCNTs@CC and N-NCNTs@CC display 

current densities of 42.7 and 15.1 mA cm−2 (Fig. 5b), which are much higher than 

their precursors (7.3 mA cm−2 for NCNS@CC and 0.5 mA cm−2 for NCNN@CC). 

Furthermore, the corresponding Tafel slope values for S-NCNTs@CC (148 mV dec−1) 

and N-NCNTs@CC (160 mV dec−1) are also lower than those of NCNS@CC (237 

mV dec−1), NCNN@CC (271 mV dec−1) and bare CC (463 mV dec−1), indicating 

enhanced reaction kinetics for OER after the self-catalyzed in-situ growth of NCNTs 

(Fig. 5c and Fig. S17b). To determine the electrochemical active surface area (ECSA), 

the double-layer capacitance (Cdl) at the solid-liquid interface was obtained by cyclic 

voltammetry (CV) measurement. The polarization curves were collected at a potential 

window of 1.033−1.133 V (versus RHE), where there is a non-Faradaic region at 

different scan rates from 10 to 50 mV s−1 (Fig. 5d, 5e and Fig. S17c). As expected, 
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much higher linear slopes can be obtained for S-NCNTs@CC (207.15 mF cm−2) and 

N-NCNTs@CC (178.95 mF cm−2) from current density difference (∆j) at 1.083 V 

versus RHE plotted against scan rate, as shown in Fig. 5f and S17d. It is worth 

mentioning that the Cdl values of NCNS@CC, NCNN@CC and bare CC were only 

57.29, 16.10 and 0.13 mF cm−2, respectively. The enhanced values of ECSA are 

associated with the increased active sites, synergistic effect of Ni/Co-N-C bonding 

and improved electron transport effect after in-situ self-catalyzed synthesis of NCNTs. 

A comparison with previously reported non-noble metal based OER electrocatalysts 

was presented in Table S2, demonstrating outstanding catalytic performance in this 

work under alkaline conditions. In addition, the long-term electrochemical stability of 

S-NCNTs@CC and N-NCNTs@CC was analyzed with chronopotentiometric 

measurements at a current density of 10 mA cm−2 as shown in Fig. 5g. Notably, two 

electrocatalysts retained high catalytic activity after 25 h without evident voltage 

degradation and lost catalytic activity of about 10.6 % for S-NCNTs@CC and 12.8 % 

for N-NCNTs@CC. And after 1000 cycles of CV scan, the overpotential only 

increased by 21 and 28 mV, respectively (Fig. 5h and 5i). SEM images display also no 

significant morphological changes after cycles, as shown in insets of Fig. 5h and 5i. 

3. Conclusion 

In summary, 3D OER electrodes containing NCNTs encapsulating with NiCo 

bimetallic nanoparticles were prepared through hydrothermal treatment followed by 

in-situ pyrolysis and self-catalysis using CVD process. The direct growth of 

electrocatalysts on the flexible CC substrate could also free the preparation of OER 

electrodes from binder processing. The interconnected network made up of 

conductive NCNTs was designed to ultimately enable rapid transfer of electrons in 

short-range and long-range vicinities and the inherent Ni/Co-N-C coordination in 

S-NCNTs@CC and N-NCNTs@CC structures was designed to ultimately enhance 

exposure of active sites for improved OER catalytic activities. The results show that 

the electrocatalysts obtained from two kinds of NiCo bimetallic precursors exhibit the 
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overpotential of 210 and 290 mV at current density of 20 mA cm−2 and the Tafel 

slope of 148 and 160 mV dec−1 for S-NCNTs@CC and N-NCNTs@CC, respectively. 

Moreover, the electrocatalysts showed excellent stability within 25 h. This study 

proposes a smart and low-cost strategy to design flexible and high efficient OER 

electrocatalysts for energy conversion. 
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Experimental Section 

Chemical reagents:  

Nickel chloride hexahydrate (NiCl2·6H2O, 99%), cobalt chloride hexahydrate 

(CoCl2·6H2O, 99%), ferrous sulfate heptahydrate (FeSO4·7H2O, 99%), melamine 

(C3H6N6, 99%) and urea (CON2H4, 99%) were obtained from Aladdin Chemical 

Reagents Co., Ltd. The ethanol was purchased from Sinopharm Chemical Reagent 

Co., Ltd. Carbon cloth (CC) was HCP330N type. All chemical reagents used in this 

work were of analytical grade (AR) and used without any further purification. The 

ultra-pure water used in all experiments. 

Synthesis of N-doped carbon nanotubes on CC:  

Typically, 1.9 g (0.008 mol) of NiCl2·6H2O, 0.938 g (0.006 mol) CoCl2·6H2O and 

1.5 g urea were dissolved in 80 mL ultra-pure water with continuous stirring for 30 

min. Then, the CC (2.5 cm × 8 cm) was immersed into the above mixed solution and 

transferred into Teflon-lined stainless-steel autoclave (100 mL), and maintained at 

120 °C for 6 h. After cooling down to room temperature, the CC covered with NiCo 

hydroxide was cleaned with ethanol and ultra-pure water and dried at 60 °C for 12 h. 

For the synthesis of two different morphological nanostructures, 80 ml and 70 ml of 

the above mixed solution was added into the hydrothermal reactor to obtain 

NCNN@CC and NCNS@CC, respectively. To synthesize N-NCNTs@CC and 

S-NCNTs@CC, 8 g of melamine was added into a rectangular porcelain boat with 

their respective NCNN@CC and NCNS@CC precursors. The porcelain boat was then 

placed in the furnace for CVD process. The CVD process was carried out at 850 °C 

with a heating rate of 3.5 °C min-1 and flow rate of 125 mL min-1 for 2 h under N2 

atmosphere. Lastly, the annealing temperature was naturally cooled to room 

temperature. 

Material characterization:  
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The decomposition analysis of the material was investigated by Simultaneous 

thermal analysis (STA 449F3, Germany). Scanning electron microscopy (SEM) and 

energy dispersive X-ray (EDX) elemental mapping were measured on a FEI-Verios 

G4 high-resolution field-emission scanning electron microscope. The structure of the 

carbon nanotubes was investigated by transmission electron microscopy (FEI, Talos 

F200X). Powder X-ray diffraction (D8 Focus, Bruker, Germany) using Cu-Ka 

radiation (λ = 1.54 Å) was employed to investigate the crystalline phase in the 

as-developed samples. X-ray photoelectron spectroscopic (XPS) measurement was 

performed on an X-ray photoelectron spectrometer (Kratos, Axis Supra) to analyze 

the chemical states of the interlayer surface. 

Electrochemical measurements: 

The electrochemical performance of OER was evaluated by a three-electrode set-up 

by an electrochemistry workstation (CHI 760E) in 1 M KOH solution. The Ag/AgCl 

and carbon rod electrodes were used as reference and counter electrodes, respectively. 

Linear sweep voltammetry (LSV) for OER testing was measured after N2 bubbled for 

30 min to study the electrocatalytic activity at a scan rate of 1 mV s-1 with the 

potential windows range from 0 to 1.0 V vs Al/AgCl. All potentials were converted to 

RHE scale of calibrated equation: E(RHE) = E(Ag/AgCl) + 0.197 V + 0.059 pH. Before 

the LSV tests, the working electrodes were activated by cyclic voltammetry (CV) for 

50 cycles at the scan rate of 10 mV s−1. The electrochemical stability tests of the 

electrocatalysts were carried out at a constant current density of 10 mA cm−2. The 

electrochemical active surface area (ECSA) was used to compare the available active 

sites of different samples and often was approximately represented by the 

double-layered capacitance (Cdl), which could be calculated based on cyclic 

voltammograms in a non-Faradaic region. The Cdl was collected by CV in a potential 

window of 1.033−1.133 V (vs RHE) at different scan rates from 10 to 50 mV s−1 and 

obtained by plotting ∆J (current density) = (Janodic - Jcathodic) at 1.083 V (vs RHE) 

against the scan rate. In this work, all polarization curves were recorded with 90% iR 
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correction after the measurements, and the EIS was measured at open circuit potential 

(OCP) in a frequency range from 0.1 Hz to 100 kHz in 1 M KOH solution. All 

electrochemical tests were carried out at room temperature. 
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Figures referred in the paper: 

 

Fig. S1. SEM images of pristine CC. 
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Fig. S2. EDS elemental mapping images of NCNN@CC.
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Fig. S3. EDS elemental mapping images of NCNS@CC. 
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Fig. S4. XRD patterns of bare CC, NCNN@CC and NCNS@CC. 
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Fig. S5. TGA analysis of melamine.
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Fig. S6. SEM images of NCNTs of N-NCNTs@CC. 
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Fig. S7. SEM images of NCNTs of S-NCNTs@CC. 
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Fig. S8. EDS elemental mapping images for NCNTs of N-NCNTs@CC. 
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Fig. S9. EDS elemental mapping images for NCNTs of S-NCNTs@CC. 
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Fig. S10. Pore size distribution of (a) S-NCNTs@CC, (b) N-NCNTs@CC and (c) 

bare CC. 
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Fig. S11. Raman scattering spectra of S-NCNTs@CC and N-NCNTs@CC. 
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Fig. S12. XPS survey spectra of (a) N-NCNTs@CC and (b) S-NCNTs@CC. 
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Table S1. Summary of C, N, O, Ni and Co atomic contents of the samples from 

X-Ray Photoelectron Spectroscopy. 

Samples 
Sample Atomic Fraction (%) 

C N O Ni Co 

N-NCNTs@CC 88.35 7.09 3.46 0.49 0.61 

S-NCNTs@CC 86.61 7.52 4.82 0.56 0.49 
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Fig. S13. The corresponding calculated percentages of pyridinic N, Ni/Co–N, pyrrolic 

N and graphitic N for N-NCNTs@CC and S-NCNTs@CC.
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Fig. S14. XPS spectra of NCNN@CC. (a) Survey. (b) O 1s. (c) Ni 2p. (d) Co 2p. 
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Fig. S15. XPS spectra of NCNS@CC. (a) Survey. (b) O 1s. (c) Ni 2p. (d) Co 2p. 
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Fig. S16. Nyquist plots in a frequency range from 0.01 Hz to 100 kHz of 

S-NCNTs@CC, N-NCNTs@CC, NCNS@CC@CC and NCNN@CC. 
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Fig. S17. OER performance of bare CC. (a) Polarization curves at a scan rate of 1 mV 

s−1 in 1 M KOH solution. (b) Corresponding Tafel plots derived from the LSV curves. 

(c) CV curves in a potential range of 1.033–1.133 V versus RHE. (d) Current density 

difference at 1.083 V plotted against scan rate in a non-Faradaic range. 
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Fig. S18. Polarization curve of RuO2 in 1 M KOH solution.
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Fig. S19. Polarization curves of S-NCNTs@CC and N-NCNTs@CC in bent state 

(inset: the electrode material in bent state when tested).
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Table S2. Comparison of OER activities of various electrocatalysts. 

Materials Electrode Electrolyte 

Overpotential 

at specific current 

density 

Ref. 

S-NCNTs@CC Carbon cloth 1M KOH 
210 mV at 20 mA 

cm−2 This 

work 
N-NCNTs@CC Carbon cloth 1M KOH 

290 mV at 20 mA 

cm−2 

Ni–Fe–Mn LDH CFP 1 M KOH 
289 mV at 20 mA 

cm−2 
[1] 

Sandwich-like Ni-Fe/C GCE 1M KOH 
238 mV at 20 mA 

cm−2 
[2] 

ZnCo2O4 Glassy carbon 0.1 M KOH 
420 mV at 20 mA 

cm−2 
[3] 

Ni2P Glassy carbon 1M KOH 
330 mV at 20 mA 

cm−2 
[4] 

CoSnS@CNT Glassy carbon 1M KOH 
330 mV at 10 mA 

cm−2 
[5] 

NSG@CNT Glassy carbon 1M KOH 
370 mV at 10 mA 

cm−2 
[6] 

Co/CNT/MCP Carbon paper 1M KOH 
270 mV at 10 mA 

cm−2 
[7] 

FeNi/CF Glassy carbon 0.1 M KOH 
447 mV at 10 mA 

cm−2 
[8] 

CoPx/Co-Nx-C@CNT Glassy carbon 0.1 M KOH 
460 mV at 10 mA 

cm−2 
[9] 

NiCo2S4@g-C3N4-CNT Glassy carbon 1M KOH 
330 mV at 10 mA 

cm−2 
[10] 
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Highlights 

� New strategy is proposed for synthesis of flexible and non-noble metal electrode. 

� NCNTs embedded with NiCo nanoparticles on CC were formed by self-catalysis 

method. 

� NCNTs network facilitates cross-linked short/long-range electrical conduction. 

� Ni/Co-N-C coordination provides excellent conductivity and abundant active 

sites. 

� Low overpotential, fast kinetics and excellent durability were obtained for OER. 
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