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ABSTRACT 

Electrocatalytic oxygen reduction reaction (ORR) provides an attractive alternative to anthraquinone process for H2O2 synthesis. 

Rational design of earth-abundant electrocatalysts for H2O2 synthesis via a two-electron ORR process in acids is attractive but still 

very challenging. In this work, we report that nitrogen-doped carbon nanotubes as a multi-functional support for CoSe2 nanoparticles 

not only keep CoSe2 nanoparticles well dispersed but alter the crystal structure, which in turn improves the overall catalytic behaviors 

and thereby renders high O2-to-H2O2 conversion efficiency. In 0.1 M HClO4, such CoSe2@NCNTs hybrid delivers a high H2O2 selectivity 

of 93.2% and a large H2O2 yield rate of 172 ppm·h−1 with excellent durability up to 24 h. Moreover, CoSe2@NCNTs performs effectively 

for organic dye degradation via electro-Fenton process. 
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1 Introduction 

As a strong and clean oxidant, H2O2 has widespread industrial 
applications [1‒3], and it is recently used as a disinfectant 
during the COVID-19 pandemic as well [4]. However, today’s 
increasing market demand and environmental issues necessitate 
green and energy-saving alternatives to traditional anthraquinone 
process (safety hazards, substantial byproducts, and energy- 
intensive purification procedures) for H2O2 production [5‒8]. 
Electrocatalytic O2 reduction reaction (ORR) can convert O2 
to H2O2 with simplicity and low environmental impact, 
while its practical applications need efficient catalyst to improve 
selectivity toward H2O2 product via two-electron ORR (2e− ORR) 
and boost the reaction kinetics [9‒24]. Encouragingly, efficient 
H2O2 electrosynthesis is achieved with a series of catalysts, 
most of which operate under alkaline conditions [16‒21]. 
Producing H2O2 in acids is equally important because: (i) H2O2 
can rapidly self-decompose in alkaline media [25]; (ii) anion 
exchange membrane in practical application is not mature [2]; 
(iii) H2O2 in acid solution is more applicable to applications 
such as electro-Fenton process [26]. Thus, it is of great significance 

to design and develop catalysts working efficiently in acids. 
In general, noble-metal based catalysts remain the most 

active for acidic 2e− ORR [27‒29], but the scarcity impedes the 
widespread use. Transition metal chalcogenides featuring with 
tunable electronic and crystal structures [30‒32] have attracted 
increasing attention in the field of 2e− ORR [33‒36]. Recent 
study from Jin’s group shows that CoSe2 is efficient to catalyze 
the 2e− ORR [35]. Interestingly, it suggests that orthorhombic 
CoSe2 shows superior activity over its cubic counterpart and 
the crystal structures can be tuned by varying the annealing 
temperatures for catalyst preparation. It is well-established 
that nanocarbon can act as a good material to not only support 
and stabilize electrocatalysts but enhance their electronic 
conductivity [37]. We thus believe that CoSe2-carbon nanohybrid 
would be an attractive electrocatalyst toward more efficient 
H2O2 electrosynthesis, which however has not been explored 
before. 

Here, we report on the development of CoSe2 nanoparticles 
decorated nitrogen-doped carbon nanotubes (CoSe2@NCNTs) 
as a superb 2e− ORR electrocatalyst. NCNTs change the crystal 
structures of CoSe2 from orthorhombic to cubic phase. In  
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0.1 M HClO4, such CoSe2@NCNTs hybrid with near-zero 
overpotential attains a high selectivity of 93.2% and excellent  
durability up to 24 h, surpassing its pure CoSe2 counterpart. 
Moreover, it enables a large H2O2 yield rate of up to 172 ppm·h−1 
as well as an effective electro-Fenton process. 

2 Experimental 

2.1 Materials 

Cobaltous nitrate hexahydrate (Co(NO3)2·6H2O), zinc nitrate 
hexahydrate (Zn(NO3)2·6H2O), melamine, selenium (Se) powder, 
cerium sulfate (Ce(SO4)2), sodium sulfate (Na(SO4)2), and iron 
sulfate heptahydrate (Fe(SO4)2·7H2O) were bought from Aladdin 
Ltd. Nafion (5 wt.%) solution was purchased from Sigma-Aldrich 
Chemical Reagent Co., Ltd. Anhydrous ethanol, isopropyl 
alcohol (IPA), potassium nitrate (KNO3), potassium ferricyanide 
(K3[Fe(CN)6]), rhodamine B (RhB), and perchloric acid (HClO4) 
were purchased from Beijing Chemical Corporation. Ultrapure 
water (18.25 Ω) use throughout all experiments was purified 
through a Millipore system. All chemicals were used without 
further purification. 

2.2 Preparation of CoSe2@NCNTs and pure CoSe2 

2.102 g of melamine, 1.78 g of Zn(NO3)2·6H2O, and 0.291 g of 
Co(NO3)2·6H2O were added into an appropriate amount of 
ethanol, which was ground in a mortar for at least 45 min. The 
mixture was dried at 60 °C for 3 h. Co@NCNTs hybrid was 
obtained by pyrolysis of above mixture at 800 °C for 2 h under 
N2 atmosphere with a heating rate of 5 °C·min−1 in a tubular 
furnace. Subsequently, two ceramic boats containing Se powders 
and Co@NCNTs powders were placed in the upstream and 
downstream of the tubular furnace, respectively. Under Ar 
atmosphere, the samples were heated to 400 °C for 2 h with a 
heating rate of 2 °C·min−1. The product obtained was denoted 
as CoSe2@NCNTs. For preparing pure CoSe2, the same fabrication 
procedure for CoSe2@NCNTs was performed but without 
using Zn(NO3)2·6H2O and melamine. 

2.3 Characterization 

X-ray diffraction (XRD) data were acquired on a Shimadzu 
XRD-6100 diffractometer with Cu Kα radiation (40 kV, 30 mA) 
of wavelength 0.154 nm. Scanning electron microscopy (SEM) 
and energy dispersive X-ray (EDX) elemental mapping images 
were collected on a Gemini SEM 300 scanning electron 
microscope (ZEISS, Germany) at an accelerating voltage of   
5 kV. X-ray photoelectron spectroscopy (XPS) measurements 
were performed on an ESCALABMK II X-ray photoelectron 
spectrometer using Mg as the exciting source. Transmission 
electron microscopy (TEM) images were obtained from a 
Zeiss Libra 200FE transmission electron microscope operated 
at 200 kV. Absorbance data were acquired on SHIMADZU 
UV-2700 Ultraviolet‒visible (UV‒Vis) spectrophotometer. 

2.4 Electrochemical measurements 

Electrochemical tests in this work were performed in an 
aqueous electrolyte of 0.1 M HClO4 with pH value of 1. The 
formation of H2O2 enabled by the active catalysts was studied 
by using rotating ring disk electrode (RRDE) measurements with 
a three-electrode system (Ag/AgCl reference electrode and Pt 
wire counter electrode) under ambient conditions. CHI 760E 
(CH Instruments, Inc., Shanghai) was used as working station. 
The ink was prepared by mixing 5 mg of CoSe2@NCNTs 
catalyst, 730 μL of isopropyl alcohol, 200 μL of H2O, and 30 μL of 
Nafion and ultra-sonicating for 1‒2 h. Catalyst coated RRDEs  

(ring area: 0.1866 cm2, disk area: 0.2475 cm2) were prepared 
by dropping or spin-coating (100 rpm) 5 μL of the catalyst ink  
onto glassy carbon disk, which was dried at room temperatures 
prior to use. Note that the recorded current density was 
normalized to the geometric surface area. Before the linear 
sweep voltammetry (LSV) tests, cyclic voltammetry (CV) was 
performed in the potential range from 0 to 0.8 V vs. reversible 
hydrogen electrode (RHE) in Ar-saturated 0.1 M HClO4 
electrolyte at 100 mV·s−1 for around 50 cycles, in which a steady 
CV response was obtained. The electrochemical cleaning of  
Pt ring was then conducted in the same potential range at  
200 mV·s−1 for 20 cycles. The collection efficiency is determined 
as 35%. Electrochemical impedance spectroscopy (EIS) 
was conducted at 0.5 V vs. RHE from 100 KHz to 0.1 Hz. 
The H2O2 production performances (activity and selectivity) 
were assessed by LSV scans (scan rate: 50 mV·s−1, RRDE 
rotating speed: 1,600 rpm) in the potential range of 0.0 to 0.8 V 
vs. RHE. During the LSV tests, the applied potential to the 
Pt was held at 1.2 V vs. RHE for H2O2 detection. The H2O2 
selectivity (H2O2(%)), and electron transfer number (n) were 
calculated as follows  

H2O2 (%) = 200 × (IRing/N)/(IDisk + IRing /N)        (1) 

n = 4|IDisk|/(IDisk + IRing /N)               (2) 

where IRing is the ring current, IDisk is the disk current. 
H2O2 produced via bulk ORR electrolysis can be accumulated 

and quantified during the bulk ORR electrolysis in 0.1 M 
HClO4. The direct electrosynthesis of H2O2 and quantification 
of H2O2 concentration were carried out in a gas-tight H-cell 
system. The CoSe2@NCNTs (loading 0.1 mg) on a carbon 
paper electrode (1 cm × 0.5 cm) was prepared as the cathode 
electrode (CoSe2@NCNTs/CP). A Nafion 117 membrane was 
employed to separate the chambers. The membrane was 
protonated by first treating in H2O2 aqueous solution (5 wt.%) 
at 80 °C for 1 h, then washed with deionized water until the pH 
value of the water returned to normal. Finally, the membranes 
were soaked with deionized water for 4 h. The electrochemical 
experiments were carried out with an electrochemical workstation 
(CHI 760E) using a three-electrode configuration with prepared 
CoSe2@NCNTs/CP electrode, Pt mesh electrode, and Ag/AgCl 
electrode as the working electrode, the counter electrode, and 
the reference electrode, respectively. 

2.5 Quantitative detection of H2O2 

H2O2 yield was measured by using the indicator of Ce(SO4)2 
(2Ce4+ + H2O2 → 2Ce3+ + 2H+ + O2). Samples (20 μL tested 
electrolyte) were collected at a certain time (1 h) and mixed with 
the Ce(SO4)2 solution (0.1 mmol·L−1, 3.98 mL). The generated 
solution was detected with UV‒Vis spectrophotometer. A typical 
concentration-absorbance curve was calibrated by linear fitting 
the absorbance values at wavelength length of 320 nm for 
various known concentrations of 0.02, 0.04, 0.06, 0.08, and  
0.1 mM of Ce4+. The fitting curve (y = 4.6883x − 0.00608, R2 = 
0.9999) shows good linear relation of absorbance value with 
H2O2 concentration. The yield of H2O2 was finally determined 
based on the reduced Ce4+ concentration. 

2.6 Quantitative detection of rhodamine B 

Electro-Fenton degradation of Rhodamine B was tested in an 
H-cell with 30 mL electrolyte of 40 mg·L−1 Rhodamine B, 0.5 M 
Na2(SO4), and 0.5 mM Fe2+ (pH = 2.85). CoSe2@NCNTs/CP 
(CoSe2@NCNTs loading of ~ 1.385 mg, 1 cm × 1 cm carbon 
paper electrode) is served as the cathode electrode. During the 
electro-Fenton degradation test, 100 μL electrolyte solution 
was periodically sampled (5 min) from the cathode electrode 
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compartment in H-cell, and diluted with 3.0 mL 0.5 M Na2SO4 
(pH = 2.85). The concentration of organic rhodamine B was 
determined using UV‒Vis spectrophotometry. 

3 Results and discussion 

Figure S1 in the Electronic Supplementary Material (ESM) 
shows the XRD pattern for Co@NCNTs with three characteristic 
peaks at 44.2°, 51.5°, and 75.8° indexed to the (111), (200), 
and (220) planes of Co (PDF No. 15-0806), respectively. The 
diffraction peak at 25.8° can be assigned to NCNTs [38]. The 
SEM image further suggests the formation for Co nanoparticles- 
NCNTs hybrid (Fig. S2 in the ESM). After selenization, except 
for the diffraction peak of NCNTs, only peaks for orthorhombic 
phase CoSe2 (PDF No. 53-0449) are observed (Fig. 1(a)), 
suggesting the complete conversion of Co into orthorhombic 
CoSe2. Besides, the morphology is well preserved (Fig. 1(b)). 
The EDX elemental mapping images show the uniform 
distribution of C, N, Co and Se elements, as shown in Fig. S3 in 
the ESM. TEM image (Fig. 1(c)) demonstrates the formation 
of nanoparticles decorated NCNTs. The high-resolution TEM 
(HRTEM) image taken from such nanoparticle reveals lattice 
fringes with an interplanar spacing of 0.192 and 0.292 nm 
indexed to the (211) and (101) planes of orthorhombic CoSe2, 
respectively (Fig. 1(d)). For comparison, pure CoSe2 particles 
were synthesized under otherwise identical conditions used for 
preparing CoSe2@NCNTs but without using Zn(NO3)2·6H2O 
and melamine. It is worth noting that the absence of NCNTs 
leads to cubic pyrite-type CoSe2 particles (Fig. 1(a)) with much 
larger sizes (Fig. S4 in the ESM). 

The XPS survey spectrum of CoSe2@NCNTs further reveals 
the existence of Co, N, C, and Se, as shown in Fig. S5 in the 
ESM. Figure 2(a) presents the C 1s spectrum, which can be 
deconvoluted as graphitic sp2 C (284.60 eV), N-sp2 C (285.46 eV), 
and N-sp3 C (287.50 eV) [38, 39]. Deconvoluted N 1s spectrum 
(Fig. 2(b)) can be split into four components assigned to 
different nitrogen electronic environments, including pyridinic-N 
(398.19 eV), pyrrolic-N (399.02 eV), graphitic-N (400.74 eV), 
and N-oxide (402.11 eV) [38, 40]. The XPS spectrum in the 
Co 2p region is shown in Fig. 2(c). The binding energies (BEs) 
at 778.70 and 793.65 eV correspond to Co 2p3/2 and Co 2p1/2, 
and BEs at 781.40 and 797.10 eV are attributed to surface 
oxidation of Co species, with two satellite peaks at 786.00 and 
802.00 eV [41‒43]. The spectrum of Se 3d can be fitted into 
three contributions, at 54.80, 55.70, and 59.40 eV (Fig. 2(d)),  

 
Figure 1 (a) XRD patterns for CoSe2 and CoSe2@NCNTs. (b) SEM and 
(c) TEM images for CoSe2@NCNTs. (d) HRTEM image taken from one- 
single CoSe2 nanoparticle. 

 
Figure 2 High-resolution (a) C 1s, (b) N 1s, (c) Co 2p, and (d) Se 3d XPS 
spectra of CoSe2@NCNTs. 

which can be ascribed to Se 3d5/2, Se 3d3/2, and oxidized Se  
[44, 45]. 

The 2e− ORR activity of CoSe2@NCNTs was examined using 
a RRDE technique. Pure CoSe2 particles and NCNTs were 
also tested for comparison. All potentials were reported on a 
RHE scale. Figure 3(a) shows the RRDE voltammograms for 
CoSe2@NCNTs and pure CoSe2 in 0.1 M HClO4. CoSe2@NCNTs 
shows larger disk current density and more positive 
reduction potential (~ 0.68 V for CoSe2@NCNTs and ~ 0.58 V 
for CoSe2) than CoSe2, suggesting improved reaction kinetics 
for CoSe2@ NCNTs. Notably, compared with pure CoSe2, 
CoSe2@NCNTs also offers larger ring current densities (jring), 
which is about 1.3 times higher than that of CoSe2 at 0.25 V 
with an increase of 0.3 mA·cm−2. Such significant increase 
in jring for CoSe2@ NCNTs suggests more efficient O2-to-H2O2 
conversion efficiency. As we expected, the NCNTs offers 
negligible reduction current toward the 2e− ORR (Fig. S6 in 
the ESM). Moreover, CoSe2@NCNTs shows a decent Tafel slope 
of only 39.8 mV·dec−1 (Fig. S7 in the ESM), which is lower than 
that of CoSe2 (83.8 mV·dec−1), suggesting CoSe2@NCNTs 
performs more efficiently toward H2O2 electrosynthesis in 
0.1 M HClO4. The H2O2 selectivity for CoSe2@NCNTs and CoSe2 
can then be calculated and is plotted in Fig. 3(b). It is seen that 
CoSe2@NCNTs displays H2O2 selectivity superior to CoSe2 in 
the potential range of 0−0.4 V and attains the highest selectivity 
of 93.2% at 0.3 V. Such CoSe2@NCNTs with high selectivity 
stands out from recent electrocatalysts for acidic 2e− ORR 
(Fig. 3(c)). The high selectivity for CoSe2@NCNTs is consistent 
with its electron transfer number (close to 2, Fig. S8 in the 
ESM) as well, further suggesting a predominant 2e− pathway. 
The ORR activity of the CoSe2@NCNTs was also evaluated in 
alkaline media (0.1 M KOH), as shown in Fig. S9 in the ESM. 
It is observed that CoSe2@NCNTs displays the highest H2O2 
selectivity of 56% at 0.48 V, which is not as good as those 
performed in 0.1 M HClO4. 

To further understand the effects of introducing NCNTs on 
the enhanced catalytic performances, more electrochemical 
measurements were performed. As seen in Fig. S10 in the 
ESM and Fig. 3(d), the double-layer capacitance (Cdl) for 
CoSe2@NCNTs (1.07 mF·cm–2) is 11.5 times larger than that of 
CoSe2 (0.093 mF·cm–2), revealing much larger electrochemical 
active surface area, which is beneficial to more efficient O2  
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Figure 3 (a) RRDE voltammograms for CoSe2 and CoSe2@NCNTs in 0.1 M 
HClO4. (b) H2O2 selectivity. (c) Selectivity comparison. (d) Capacitive 
currents as a function of scan rate at 0.806 V vs. RHE and (e) Nyquist 
plots. 

reduction process. EIS measurements further indicate that 
CoSe2@NCNTs has lower charge transfer resistance than that 
of CoSe2 (Fig. 3(e)), implying enhanced electronic conductivity 
for CoSe2 with the presence of NCNTs [46, 47].  

In the bulk electrolysis experiment, H2O2 concentration after 
1 h bulk electrolysis operating at each applied potential (from 
0 to 0.2 V) is spectrophotometrically evaluated using a Ce4+ 
titration method. UV−Vis spectra of Ce4+ solution with various 
concentrations (0.02−0.1 mM) and corresponding standard 
curve (R2 = 0.9999) are shown in Fig. S11 in the ESM. Inks 
prepared from CoSe2@NCNTs were deposited dropwise on 
carbon paper (CoSe2@NCNTs/CP) to serve as the working 
electrode (catalyst loading of 0.1 mg, geometric area of       
~ 0.5 cm−2) in a gas-tight H-cell. The LSV curves for CoSe2 
and CoSe2@NCNTs (Fig. S12 in the ESM) show that a nearly 
2.5-fold increase in cell current for CoSe2@NCNTs/CP at 0.1 V 

vs. RHE. As shown in Fig. 4(a), higher current densities can be  
achieved when the potentials applied to the CoSe2@NCNTs/CP 
electrode become more negative, which even attains approximately 
21 mA·cm−2 at 0 V vs. RHE. Meanwhile, the most negative 
potential also affords the highest H2O2 yield rate of 172 ppm·h−1 
(Fig. 4(b)). Thus, CoSe2@NCNTs is a promising catalyst for 
mass H2O2 production. 

To probe the ability of CoSe2@NCNTs/CP for on-site water 
treatment, rhodamine B (RhB) as a model organic pollutant 
was used to perform electro-Fenton process over CoSe2@NCNTs/ 
CP. The content of RhB at various time points during the 
electro-Fenton process in the cathode compartment of an 
H-cell was detected by spectrophotometer measurement 
(Fig. S13 in the ESM). Calibration curves and corresponding 
fitting curves are shown in Figs. S13(a) and S13(b) in the 
ESM. Current density of the CoSe2@NCNTs/CP in acidified 
solution (pH = 2.85) is displayed in the Fig. 4(c). As shown in 
Fig. 4(d), 40 mg·L−1 of Rh B can be completely degraded by the 
CoSe2@NCNTs/CP electrode within a short period of 40 min, 
suggesting an effective electro-Fenton process. These results 
not only confirm that the H2O2 produced by CoSe2@NCNTs/CP 
can be accumulated to remove organic pollutants, but show the 
potential of CoSe2@NCNTs as a catalyst for practical applications 
such as water treatment. 

To assess durability of CoSe2@NCNTs and pure CoSe2 under 
working conditions, 24 h electrolysis tests were performed at 
0.1 V vs. RHE (Fig. 4(e)). As it was supposed, the introduction 
of NCNTs substantially improves the overall stability with a 
two-fold increase in current density. Such enhancements 
highlight the important role of carbon support in boosting the 
efficiency and stability of the catalytic systems [37, 48]. More 
specifically, CoSe2@NCNTs only exhibits 9% loss in current 
density after 24 h electrolysis, whereas the current density 
of pure CoSe2 shows severe fluctuation with a 91% loss. 
Impressively, the XRD pattern (Fig. S14 in the ESM) of post-ORR 
CoSe2@NCNTs was also obtained, which confirmed the good 
structural stability of CoSe2@NCNTs towards 2e− ORR in 0.1 M 
HClO4 solution. 

It is important to note that the 2e– ORR catalytic performance 
of CoSe2@NCNTs outperforms its CoSe2 counterpart and 
many reported catalysts in acidic media (Table S1 in the ESM). 
And its superior overall performance can be rationally attributed 
to the following four reasons: (1) crystal structure change 

 
Figure 4 (a) Chronoamperometry curves for CoSe2 and CoSe2@NCNTs under various potentials for 3600 s and (b) corresponding H2O2 yields. 
(c) Chronoamperometry curves of CoSe2@NCNTs at 0.5 V vs. RHE when both RhB and Fe2+ are present in O2-saturated acidified 0.5 M Na2SO4 solution 
(pH 2.85). (d) Decays of the RhB concentrations over time. (e) Long-term stability for CoSe2 and CoSe2@NCNTs at 0.1 V vs. RHE in 0.1 M HClO4 for 24 h.
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of CoSe2 caused by NCNTs favors more efficient O2-to-H2O2 
conversion process in acids; (2) NCNTs as carbon support can 
enhance the stability of supported active species further, assuring 
excellent durability for H2O2 electrosynthesis; (3) NCNTs 
favours the formation of more dispersed nanoparticles with 
smaller size and thus the exposure of more active sites;    
(4) NCNTs with the lone-pair electron in N atoms can greatly 
enhance electronic conductivity and reactivity, leading to more 
facile electrode kinetics. 

4 Conclusions 

In summary, CoSe2@NCNTs nanohybrid is proposed as an 
efficient catalyst for electrocatalytic O2 reduction to H2O2. 
When tested in 0.1 M HClO4, it attains a high H2O2 selectivity 
of 93.2% and a large H2O2 yield rate of 172 ppm·h−1, with 
excellent stability for at least 24 h under working conditions. 
Moreover, this catalyst also exhibits good degradation ability 
toward organic RhB via effective electro-Fenton process. The 
present work not only offers a robust low-cost catalyst for 
efficient H2O2 electrosynthesis but would open a new avenue 
to rationally design metal chalcogenide-carbon nanohybrids 
toward enhanced 2e− ORR electrocatalysis. 
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