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Abstract
Boron-doped amorphous carbon (BDAC) thin films with a regular oxygen reduction reaction (ORR) catalytic activity were 
synthesized in a hot filament chemical vapor deposition device using a mixture of  CH4 and  H2 as a gas source and  B2O3 as 
a boron source and then oxidized in air at 380–470 °C for 15–75 min. Scanning electron microscope, transmission electron 
microscope, Raman spectroscopy, X-ray photoelectron spectroscopy, and electrochemical tests were used to characterize the 
physical and electrochemical properties of the BDAC catalysts. It was concluded that the BDAC catalyst oxidized at 450 °C 
for 45 min showed the best ORR catalytic activity in alkaline medium. The oxygen reduction potential and the transfer 
electron number n, respectively, are − 0.286 V versus Ag/AgCl and 3.24 from the rotating disk electrode experiments. The 
treated carbon film has better methanol resistance and stability than the commercial Pt/C catalyst.

Keywords Amorphous carbon film · Electrocatalyst · Hot filament CVD · Oxidizing treatment

1 Introduction

Research and development of new energy sources are an 
effective way to solve energy crisis and environmental pol-
lution [1, 2]. Due to high energy efficiency and environmen-
tal friendliness, fuel cells have received extensive attention 
from researchers around the world [3]. However, the fuel 
cells still cannot be commercialized on a large scale due to 
a high cost and a poor durability from the platinum-based 
cathode catalytic materials [4, 5]. Therefore, finding catalyst 
materials with strong catalytic activity, good stability, and 
low cost has become a key to solve the commercialization 
of the fuel cells.

In recent decades, a large number of non-noble-based 
catalysts have been proposed, including low-platinum alloys 
[6], metal oxides [7, 8], metal macrocyclic compound-
based catalysts [9], related and doped carbon materials 

[10–13], and so on. In particular, doped carbon materials 
have become ideal candidate to replace noble metal plati-
num owing to excellent conductivity, good oxygen reduc-
tion reaction (ORR) catalytic activity, easy surface modi-
fication, low cost, good stability, and incapability of CO 
and methanol poisoning [14, 15]. However, the catalytic 
activity of carbon-doped materials as commercial catalysts 
has still room for further improvement. An effective way to 
improve the catalytic performance is to increase the specific 
surface area that has the active sites. There are many ways 
to increase the specific surface area of materials, such as 
porous structure [16], plasma etching [17], and annealing 
treatment [18, 19]. Though the creation of a porous structure 
and plasma treatment can effectively increase the specific 
surface area of the catalytic materials, the two methods are 
complicated in process and high in cost. Annealing treat-
ment relatively is simple, and the specific surface area can 
be improved and controlled. Wiener et al. [18] found that the 
pore size of amorphous carbon has changed after annealing 
at 800–2000 °C in argon by analyzing the macroscopic and 
microscopic structure of amorphous carbon. Gokuladeepan 
et al. [19] treated graphene oxide composites at 300–500 °C 
in the atmosphere and analyzed the effects of annealing 
temperature on surface morphology and ORR catalytic per-
formance. However, the researches above are not system-
atic and the effect laws were not established between the 
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annealing parameters and the performance. The direct air 
oxidation relatively is not only simple in equipment, conven-
ient in operation, low in cost, but also capable of increasing 
the specific surface area of the carbon thin film.

In this work, boron-doped amorphous carbon (BDAC) 
films were deposited by hot filament chemical vapor deposi-
tion (HFCVD) and heat-treated in the atmosphere. The influ-
ence of the air oxidation parameters on the electrochemical 
properties has been investigated to further enhance the ORR 
catalytic activity.

2  Experimental

2.1  Preparation of BDAC films

The substrate used in this experiment was a (100) high-
purity polished silicon wafer with 14 × 14 mm2. The sub-
strates were scratched using diamond paste to increase the 
nucleation site and then ultrasonically cleaned in acetone, 
ethanol, and deionized water for 10 min, respectively. The 
BDAC films were grown in a HFCVD device. Gas source 
was a  CH4/H2 gas mixture with a flow ratio of 1/100, and 
boron source was a solid  B2O3. Ta filament was located 
5 mm above the substrate. During the deposition, the tem-
perature of the filament and the substrate was maintained 
at about 2200 °C and 800 °C, respectively. The deposition 
pressure was 5.33 kPa and deposition time 6 h. The prepared 
BDAC films were oxidized in air using a box annealing fur-
nace at a heating rate of 15 °C/min. The process parameters 
were the oxidation temperature at 380 °C, 400 °C, 430 °C, 
450 °C, and 470 °C for 1 h and at 450 °C for 15 min, 30 min, 
45 min, 60 min, and 75 min, respectively. The oxidized sam-
ples were then cooled slowly to room temperature in the 
furnace.

2.2  Characterization

The surface morphology of the BDAC films was observed 
by scanning electron microscope (SEM, Zeiss Supra 55) 
and transmission electron microscope (TEM, Tecnai G220 
S-Twin). The microstructure was analyzed using a Raman 
spectrometer (Renishaw Invia) with a wavelength of 532 nm 
in the wave number range of 1000–2000 cm−1. The chemical 
state of boron atoms was checked by X-ray photoelectron 
spectroscopy (XPS, ESCALAB 250Xi, Al Kα).

The oxidized BDAC films were physically peeled off from 
the substrates to obtain powders. Subsequently, 2.5 mg of the 
BDAC powder was placed in 0.5 mL isopropanol solution 
(1:3 volume ratio of isopropanol to water) and ultrasonically 
shaken for 1 h to obtain a BDAC suspension. The BDAC 
suspension was dropped onto the surface of a polished 
glassy carbon electrode (GCE, φ1.5 mm). Thereafter, 5 μL 

of Nafion solution (0.5 wt%) was placed on the electrode 
and dried in a dry box to obtain a working electrode. Elec-
trochemical testing was performed on an electrochemical 
workstation (Shanghai Chenhua, CHI760E) using a standard 
three-electrode system with a Pt wire as the counter elec-
trode and an Ag/AgCl electrode as the reference. The work-
ing electrode was mounted on a rotating disk ring electrode 
of the type RRDE-3A (Japan BAS). All electrochemical 
experiments were carried out at room temperature (25 °C).

3  Results and discussion

3.1  Physical characterization of the catalysts

Figure 1 shows SEM images of the BDAC films oxidized at 
380–470 °C for 1 h. The morphology of an un-oxidized sam-
ple is also given as a comparison. It can be seen from Fig. 1 
that the surface of the carbon films synthesized by HFCVD 
is composed of many cauliflower-like deposits, which is 
consistent with the typical morphological features of the 
amorphous carbon films. It can be also known by compar-
ing with the un-oxidized carbon films that many holes and 
gaps appear on the surface after oxidizing treatments. This 
is because the carbon atoms in the junctions of the cellular 
BDAC film surface react with oxygen in the air at a faster 
rate, which is similar to the cracks formation on the phenolic 
resin-derived carbon in the air oxidation experiment by Ber-
tran et al. [20]. As oxidation temperature increases, the gaps 
widen and deepen of the BDAC films gradually increases. 
The above-mentioned surface structure feature disappears at 
470 °C oxidation temperature, as can be seen from Fig. 1f. 
This may be caused by an unselective oxidation at an exces-
sive oxidation temperature.

Morphology of the undoped and doped boron carbon 
films deposited by HFCVD at same conditions is shown 
in Fig. 2a, b, respectively. It can be seen that the undoped 
boron film is with well facet, which is the morphology of a 
typical diamond film. However, after doping boron, a com-
plete grain structure has disappeared and the deposited film 
has the characteristic of cauliflower-like structure. It indi-
cates that the integrity of the growing diamond crystals is 
destroyed by the incorporation of boron atoms. Figure 2c 
shows a TEM image of the doped boron carbon film. Dif-
fused diffractive rings state clearly that the doped boron car-
bon films are amorphous.

Figure 3a shows the Raman spectra of the BDAC films 
oxidized at different temperatures for 1 h. All the sam-
ples have evident carbon characteristic peaks around 
1340 cm−1 (D peak) and 1580 cm−1 (G peak) from  sp2 
hybridized carbon. The G peak is caused by the stretching 
vibration of all  sp2 atom pairs in the carbon ring and chain 
and the D peak by the breathing pattern of the  sp2 atom in 
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the carbon ring. It is generally believed that the D and G 
peak represent the  sp3 hybrid and the  sp2 hybrid structure 
in the carbon material, respectively. Many researchers have 
found that when the ratio of  sp3 to  sp2 carbon is reduced, 
ID/IG is increased [21]. This is because the D and G peaks 

are mainly affected by the  sp2 structure and are not sensi-
tive to changes in the  sp3 structure. Figure 3b shows the 
change in the integral intensity ratio obtained by fitting 
the D and G peaks in Fig. 3a with the oxidation temper-
ature. As the oxidation temperature increases, the ID/IG 

Fig. 1  SEM images of BDAC films un-oxidized (a) and oxidized at 380 °C (b), 400 °C (c), 430 °C (d), 450 °C (e), and 470 °C (f) for 1 h

Fig. 2  SEM images of undoped 
(a) and doped boron carbon film 
(b) and HR-TEM images of the 
BDAC film (c)



490 Carbon Letters (2019) 29:487–495

1 3

increases, indicating that the ratio of  sp3/sp2 is gradually 
decreasing. This is because the  sp3 hybrid carbon phase 
is more unstable and easy to be oxidized with respect to 
the  sp2 hybrid carbon phase at a higher temperature. In 
the graphitized carbon, the  sp3 phase exists at the edge of 
the carbon envelope [22]. The reduction in the  sp3 hybrid 
carbon phase indicates that the edge of the amorphous car-
bon is oxidized during heat treatment, which is consistent 
with the increase in the gaps in the SEM observation as 
the oxidation temperature increases.

Figure 4 is a high-resolution XPS spectrum of the B 
1s peak of an un-oxidized BDAC film. The peaks located 
at 186.0 and 187.3 eV in the figure represent the B–B 
and B–C bonds, respectively [23, 24]. The presence of the 
B–C bond represents the incorporation of B atoms into 
the carbon film and proves the atomic-level hybridization 
between the boron and carbon atoms.

3.2  Electrochemical characterization of carbon 
catalysts

All the electrochemical experiments were carried out in an 
 O2-saturated 1 M KOH solution. The catalytic performance 
of the catalysts can be visually evaluated from the cyclic 
voltammetry (CV) curve according to the position of the 
oxygen reduction peak and the current density. The CV 
curve of the carbon films oxidized at different temperatures 
is shown in Fig. 5a. It can be seen that all the samples have 
a significant oxygen reduction peak. The oxygen reduction 
peak position and the peak current density also change with 
the oxidation temperature. Figure 5b, c, respectively, gives 
the variety law of the peak potential and the current density 
with oxidation temperature. As the oxidation temperature 
increases, the peak position gradually shifts to the positive 
direction, indicating that the oxygen reduction performance 
of the catalyst is enhanced. However, this enhancement is 
limited and the oxygen reduction potential gradually sta-
bilizes when the annealing temperature reaches 450 °C. 
Meanwhile, as the oxidation temperature increases, the peak 
current density first increases to a maximum value at 450 °C 
and then decreases. It is also found that when the oxidation 
temperature is raised to 500 °C, the obtained BDAC films 
have no any catalytic performance for the ORR owing to 
over-oxidation.

CV curves of the catalysts of un-oxidized and oxidized at 
different temperatures in  N2-saturated electrolyte are shown 
in Fig. 6. The area of the CV curve represents the relative 
specific surface area of the different catalysts [25]. It is clear 
from Fig. 6 that the specific surface area of the catalysts 
increases with the increase in oxidizing temperature and 
reaches a maximum at 450 °C oxidizing temperature, which 
is consistent with the result from the SEM observation.

Fig. 3  Raman spectra (a) and ID/IG ratio rate (b) of the BDAC films 
oxidized at different temperatures

Fig. 4  High-resolution XPS spectrum for B 1s peak of the un-oxi-
dized BDAC film
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To further understand the catalytic performance of the 
BDAC films from the kinetics, linear sweep voltammetry 
(LSV) experiments were carried on rotating disk electrodes. 
Figure 7a is the LSV curves of the samples at 1400 rpm 
after oxidizing at different temperatures. It can be seen that 
the limiting current density of the un-oxidized sample is 
much lower than that of the annealed samples. It is clear that 
the oxidation treatment has a more obvious influence on the 
electronic structure of the BDACs and the sample oxidized 
at 450 °C shows the highest limiting current density. The 
LSV tests at rotational speeds of 600–2600 rpm were per-
formed to clarify the catalytic performances from the kinetic 
aspect. The current density of the sample oxidized at 450 °C 
gradually increases as the number of revolutions increases, 
as shown in Fig. 7b. From Fig. 7b, the Koutecky–Levich 
point (I−1 vs. ω−1/2) at the electrode potential range from 
− 0.40 to − 0.65 V is shown in Fig. 7c and there is a good 
linear relationship, indicating that the catalytic process of the 
catalyst follows the first-order kinetics. The points of each 
potential are linearly fitted to obtain a K–L curve, and the 
curves show a certain parallelism. The number of transferred 
electrons n of each oxygen atom is calculated according to 
the K–L equation (Eq. 1) [26]:

where I is the measured current density, Ik is the kinetic cur-
rent density, n is the number of electrons transferred per oxy-
gen atom, F is the Faraday constant (F = 96,485 C mol−1), 
C is the volume concentration of oxygen (C = 1.2 × 10−3 
mol L−1), D is the diffusion coefficient of oxygen in KOH 
solution (D = 1.9 × 10−5  cm2  s−1), v is the electrolyte 
dynamic viscosity (v = 0.01 cm2 s−1), and ω is the rotating 

(1)I
−1 = I

−1
k

+
(

0.62nFCD
2∕3

v
−1∕6

�
1∕2

)−1

Fig. 5  Cyclic voltammetry curve (a), oxygen reduction peak position 
(b), and current density of the oxygen reduction peak c of BDAC oxi-
dized at different temperatures

Fig. 6  CV curves of BDAC oxidized at different temperatures using a 
rotating disk electrode at 1600 rpm in  N2-saturated electrolyte
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electrode angular velocity [27]. According to Eq. (1), the 
number of transferred electrons at each electrode potential 
is obtained. The relationship between the number of trans-
ferred electrons n and the oxidation temperature is shown in 
Fig. 7d. The electron transfer number of the un-oxidized film 
is only 2.54, indicating that the ORR is mainly dominated 
by the two-electron reaction. With the increase in oxidation 
temperature, the number of transferred electrons gradually 
increased to a maximum value of 3.12 at 450 °C, which is 
consistent with the results obtained from the CV test. The 
number of transferred electrons n undoubtedly decreases 
when the temperature exceeds 450 °C. This means the ORR 
catalytic performance of the BDAC film oxidized around 
450 °C is best.

The BDAC films were oxidized at 450 °C for 15–75 min, 
other being equal to determine the best oxidation time. 
The CV experiments are carried out, and the relationship 
between the oxygen reduction peak position and the oxida-
tion time is shown in Fig. 8a. It can be seen that the oxidation 

time has little relationship to oxygen reduction peak posi-
tion locating at − 0.303 to − 0.286 V. The oxidation time, 
however, has a great influence on the peak current density, 
as shown in Fig. 8b. When the oxidation time is 45 min, the 
current density reaches a maximum value, indicating that the 
catalytic performance of the sample is the best. The oxygen 
reduction potential of − 0.286 V is very close to that of the 
N-doped (− 0.26 V) [28] and of the P-doped carbon materi-
als (− 0.30 V) [29]. However, there is still a large gap with 
the potential of the commercial Pt/C catalyst (− 0.14 V) [29].

The LSV tests of the samples oxidized at 450 °C for 
15–75 min were also performed. The change in the num-
ber of transferred electrons with oxidation time is shown 
in Fig. 9. It is clear that the number of electron transfer 
increases first and then decreases with the increase in oxida-
tion time. It reaches a maximum of 3.24 at 45 min oxidation 
time, that is to say, the catalytic performance is the best. 
Therefore, it has been confirmed that the optimal oxidation 
process is at 450 °C for 45 min.

Fig. 7  a LSV curve obtained at a rotational speed of 1400  rpm for 
the samples oxidized at 25–470 °C, b LSV curve of the sample oxi-
dized at 450  °C at different rotational speeds of 600–2600  rpm, c 

K–L curve of the sample oxidized at 450 °C at a potential of − 0.40 
to − 0.65 V, and d number of transferred electrons versus oxidation 
temperature
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In the methanol fuel cell, methanol easily passes from 
the anode to the cathode through the proton exchange mem-
brane. The methanol entering the cathode will not only 
discharge, produce the mixing potential, and reduce the 
efficiency of the fuel cell, but also cause the poisoning of 
the cathode catalyst and reduce the catalytic performance. 
Therefore, methanol resistance is an important property 
of cathode catalysts. In the chronoamperometric test, 3 M 
methanol was added in the electrolyte after the ORR lasted 
for 300 s and then the test was continuously carried out for 
1500 s. It can be seen from Fig. 10 that the current density 
of the BDAC catalyst has no significant decrease in the pres-
ence of methanol. The loss of current density is only 1.10% 
200 s later, and the total current density only attenuates by 
11.3% after adding methanol for 1500 s. As a comparison 
experiment, the current density of Pt/C (20% Pt) dropped 

sharply after the addition of methanol, as can be seen in 
Fig. 10. This indicates that the BDAC catalyst exhibits excel-
lent performance in terms of resistance to methanol and has 
a possibility of application on a methanol fuel cell.

The durability has been investigated by the chronoamper-
ometric i–t responses of the prepared BDAC catalyst under a 
constant potential of -0.28 V vs. Ag/AgCl and  O2-saturated 
0.1 M KOH solution at 1000 rpm. The results are shown in 
Fig. 11. It is clear that a stable ORR has been sustained for 
50,000 s and the loss of the ORR current density is very 
slight. For comparison, the durability results of sulfur-doped 
graphite (S-G), nitrogen-doped graphite (N-G), and Pt/C 
catalysts [30] for 30,000 s are also given (inset of Fig. 11). 
The current density loss of the S-G, N-G, and Pt/C is 27%, 
35%, and 45%, respectively, and all much greater than that in 

Fig. 8  a Peak position change of oxygen reduction; b change of cur-
rent density of oxygen reduction peak of BDAC at different oxidation 
times

Fig. 9  Number of transferred electrons of the samples oxidized for 
15–75 min

Fig. 10  Methanol resistance of Pt/C catalyst and the BDAC catalyst 
after oxidation at 450 °C for 1 h
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the present results (by 10% at 30,000 s). Moreover, the loss 
of the BDAC catalyst is only 11% at 50,000 s.

4  Conclusions

In summary, the effect of air oxidation on the ORR catalytic 
performance of BDAC films in air has been investigated. 
Both oxidation temperature and time have a great influence 
on the catalytic performance of the BDAC catalyst. It has 
been found that the BDAC catalyst oxidized at 450 °C for 
45 min has the best catalytic performance for the ORR in 
an alkaline solution. Meanwhile, the treated carbon film has 
better methanol resistance and stability than the commer-
cial Pt/C catalyst. The experiments have verified that this 
approach provides a new path to find alternatives to com-
mercial Pt/C catalysts.
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