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Abstract: In this study, boron-doped diamond (BDD) film was deposited by hot-filament chemical
vapor deposition (HFCVD) using acetone as the carbon source and trimethyl borate (TMB) as the
boron source with the aim of lowering the manufacturing cost of BDD electrodes. The BDD film
was deposited for 12 and 60 h to observe changes in the morphological behavior of the film as well
as subsequent changes in the electrochemical properties. The morphology of the BDD film was
not affected by the deposition time, but the thickness increased with increasing deposition time.
As the deposition time increased, the deposition rate of the BDD film did not increase or decrease;
rather, it remained constant at 100 nm/h. As the thickness of the BDD film increased, an increase
in the potential window was observed. On the other hand, no distinct change was observed in the
electrochemical activation and catalytic activity depending on the thickness, and there were not many
differences. Chemical oxygen demand (COD) was measured to determine the practical applicability
of the deposited BDD film. Unlike the potential window, the COD removal rate was almost the same
and was not affected by the increase in the thickness of the BDD film. Both films under the two
deposition conditions showed a high removal rate of 90% on average. This study confirms that BDD
electrodes are much more useful for water treatment than the existing electrodes.
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1. Introduction

Due to industrial development, large quantities of various organic compounds and recurrent
wastewater are being discharged into bodies of water, negatively impacting the environment. In many
parts of the world where industries are concentrated, environmental pollution has become a serious
problem. Various methods have been developed for wastewater treatment, including biodegradation,
chemical decomposition, electrochemical oxidation, and other physicochemical methods [1–3].
Among them, electrochemical wastewater treatment methods are widely used due to their cost
and efficiency advantages. Compared to physical and biological treatment methods, electrochemical
methods are environmentally friendly because of the low treatment cost and the fact that there is no
residue after treatment. Moreover, high wastewater treatment is possible without the addition of
toxic oxidants [4–6]. Electrochemical wastewater treatment is superior to other methods because it is
possible to effectively oxidize and decompose contaminants using insoluble electrodes that produce
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hydroxyl radicals, which are more powerful than oxidants used in ordinary oxidation processes [7,8].
Therefore, many studies on electrochemical wastewater treatment electrodes have been conducted.

Boron-doped diamond (BDD) electrode is currently in the spotlight and attracting attention.
Because it has a higher potential window value than the IrO2 electrode, which is currently the most
widely used electrode for water treatment, it produces more hydroxyl radicals and a stronger oxidizing
agent on the surface [4,5,8,9]. Due to the excellent properties of BDD films, many studies are being
conducted on BDD electrodes in the field of insoluble electrodes compared to IrO2 electrode, which is
currently widely used in industries. However, as is well known, although the manufacturing method of
BDD is relatively simple, its deposition and manufacturing cost are expensive. Therefore, considering
the cost aspect, its efficiency is not good for widespread industrial use. As a result, the production and
use of BDD electrode for water treatment is not very common.

The purpose of this study was to manufacture a BDD electrode, evaluate and analyze whether
it can be used for water treatment, and further develop an electrode with better performance than
the existing electrodes, such as IrO2. Furthermore, changes were made to the deposition method in
order to solve the cost problem, which is a fundamental reason for BDD films not being widely used
despite having better performance and efficiency than the currently used IrO2. Conditions such as
the optimum filament temperature and the distance between the filament and the susceptor, which
are considered to be the most important factors in diamond deposition, were determined based on
the results of previous experiments [10,11]. In a previous experiment [10] on filament temperature,
an appropriate applied power was derived for depositing a diamond film through hot-filament
chemical vapor deposition (HFCVD). The temperature of the filament with respect to the applied
power was first calculated through ANSYS computer simulation, and the actual experiment was
conducted based on the calculation result. The filament temperature in the actual experiment was
measured using a two-color pyrometer. It was confirmed that there was little difference between the
calculated filament temperature and the actual filament temperature measured using the two-color
pyrometer. To study the temperature with respect to work distance [11], the applied power was
determined based on the filament temperature study, and the temperature change of the susceptor
with respect to the working distance was calculated using ANSYS computer simulation and then
verified through an actual experiment. Here, the temperature of the susceptor was measured using an
infrared thermometer.

In addition, instead of methane gas and trimethyl borate (TMB) gas, which are generally used for
diamond deposition, acetone solution was taken as the carbon source and TMB solution was used for
boron doping. The use of acetone solution and TMB solution can reduce the material cost by at least
10 times compared to when gas is used. Acetone and TMB solutions were introduced into the chamber
using a bubbling system using hydrogen gas as the carrier gas. The deposition of the BDD film was
performed for 12 and 60 h, with all other conditions except for the time variable kept identical, and the
morphological deposition behavior of the BDD film with respect to the deposition time was examined.
Furthermore, the possibility and performance of the deposited BDD film as a water treatment electrode
were evaluated. The chemical oxygen demand (COD) decomposition capacity of wastewater and the
electrochemical properties were compared and evaluated with respect to deposition conditions.

2. Experimental Details

HFCVD was used for BDD deposition. Figure 1 shows a schematic diagram of the diamond
deposition equipment (PNU, CW2014, Busan, Korea) and bubbling system for acetone and TMB.
Tungsten filament should be used to reduce cost during diamond deposition, but tantalum filament
was used instead of tungsten filament in this experiment. With tungsten filament, even when the same
power is applied to the filament, the temperature of the filament is lower than that of the tantalum
filament. It is also difficult to load tungsten filament into the HFCVD chamber because it is difficult
to deform the material properties. In addition, when the temperature of the filament is increased by
applying power during deposition and carbonization, it breaks at the end of the experiment, meaning
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it can only be used once. On the other hand, tantalum filament does not break immediately after
the experiment and therefore can be reused several times in succession. In consideration of all the
advantages and disadvantages and cost aspects, a tantalum filament was used instead of the relatively
inexpensive tungsten filament. Twelve rows of tantalum filaments with length of 32 cm and diameter
of 0.7 mm were loaded into the HFCVD chamber with a spacing between the filaments of 20 mm.

Figure 1. Schematic diagram of hot-filament chemical vapor deposition (HFCVD) and bubbling system.

If deposition is performed without rotating the susceptor, the temperature underneath the filament
and between the two filaments is different. This causes nonuniform substrate surface temperature,
resulting in nonuniform BDD film deposition. Therefore, the susceptor was rotated at 1 rpm for
uniform deposition of the BDD film. Acetone was used as the carbon source required for diamond
deposition, and hydrogen was used as the reaction gas. To impart electrochemical properties, diamond
was doped with boron using TMB. Acetone solution and TMB solution were supplied into the chamber
through a bubbling system using hydrogen gas as the carrier gas. When acetone solution and TMB
solution are in liquid (not gaseous) phase, the vapor pressure is different depending on the temperature.
Therefore, it is very important to control the temperature of the two solutions in order to supply a
certain amount into the chamber. A thermostat was used to bring the two solutions to 0 ◦C and supply
them into the chamber. Water freezes when it reaches 0 ◦C, so the temperature was adjusted to 0 ◦C
using an antifreeze solution. The bubbler of acetone solution and TMB solution was immersed in an
antifreeze solution, which was maintained at 0 ◦C using a thermostat and supplied into the chamber
while maintaining 0 ◦C.

The BDD film was deposited on two substrates at the same time. To accurately measure the
thickness of the BDD film, a square silicon wafer with thickness of 0.5 mm and width of 900 mm2

was used. A niobium substrate with thickness of 1 mm and width of 900 mm2 was used for all
measurements except the thickness, such as morphologies, crystallinity, and electrochemical properties
of the BDD film.

Prior to diamond deposition through HFCVD, a pretreatment process of the substrate surface is
required. The pretreatment process refers to seeding of diamond particles with improved roughness
on the surface using diamond particles. If the seeding is not performed on the surface of the substrate
using diamond particles, the deposition of diamond does not proceed [12–14]. The pretreatment
consisted of the following processes. First, the silicon and niobium substrates were cleaned using
ethanol, and ultrasonic cleaning was performed for 10 min by immersing them in ethanol to remove
fine foreign substances on the substrate surface. A mixed solution of 500 nm particle size diamond
powder and glycerin in a weight ratio of 1:1 was evenly applied to the washed substrate and then
rubbed for 3 min. Then, the surface was washed with ethanol again to remove the residue and glycerin
on the substrate surface. Such a pretreatment process not only gives the seeding effect of diamond
particles to the substrate surface but also increases the roughness of the substrate surface due to the
rubbing effect during seeding, thereby facilitating diamond deposition.

In previous studies, computer simulations and practical experiments have been conducted to
determine the appropriate applied power, working distance, pressure, amount of acetone, hydrogen,
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etc. [10,11]. For applied power, if the power is higher than 16 kW, a lot of amorphous carbon is
deposited due to the high temperature, which causes a low deposition rate. On the other hand, if the
power is less than 16 kW, diamonds do not become a complete film, resulting in a very low deposition
rate [10]. A previous study that looked at diamond deposition behavior with respect to the distance
between the filament and the susceptor found that when the working distance is longer than 10 mm,
the diamond does not become a complete film due to low temperature. On the other hand, when the
working distance is shorter than 10 mm, amorphous carbon is formed due to the temperature being
higher than the proper temperature, thereby causing a decrease in the deposition rate [11]. Based on
the results of these previous experiments, the BDD film deposition conditions were determined in this
study (Table 1). Unlike previous studies, in this study, diamond was doped with boron. When carbon is
substituted with boron in the diamond lattice, it exhibits electrochemical properties that pure diamond
does not have [4,5,8]. A previous study that calculated the amount of boron doped in diamond film
using the Antoine equation [15] found that 11,400 ppm of boron was doped. This means that about 1%
of boron is doped in diamond. However, this doping amount is too small for quantitative analysis,
and it is difficult to measure because it is a light element. Thus, Raman spectroscopy was used to
approximate the amount of boron doping [7,8,15].

Table 1. Deposition conditions used in the experiment.

Deposition Conditions Value

Filament input power (kW) 16
Number of filaments used 12

Length of each row of filament (mm) 320
Pressure during deposition (Pa) 4000

Distance between filament and susceptor
(mm) 10

Distance between filaments (mm) 20
Amount of acetone (sccm) 90

Amount of trimethyl borate (TMB) (sccm) 6
Amount of hydrogen (sccm) 400

Deposition time (h) 12 and 60

Using a BDD film deposited on a niobium substrate, the morphological behavior of the surface
with respect to the deposition time was analyzed using FE-SEM (Hitachi, S-4800, Tokyo, Japan). BDD
film deposited on a niobium substrate cannot be easily cut, and the deposited BDD film may be
damaged during cutting. Therefore, the thickness of the BDD film was observed by FE-SEM using a
silicon wafer, which allowed accurate cross-sectional verification without damaging the deposited BDD
film during cutting. Diamond characterization peaks were identified through XRD measurements.
The XRD measurements (Bruker, D8-Advance, Karlsruhe, Germany) were made in the coupled
scanning diffraction (CSD) mode. The 2 theta scan range was 30 to 80◦, and an acceleration voltage
of 40 kV and a current of 40 mA were used. Raman spectroscopy (Horiba, Jobin Yvon, Longjumeau,
France) analysis was used to confirm whether boron was doped as well as study the quality of the
diamond. Raman analysis was performed using an argon laser at an excitation wavelength of 514.5 nm.

Cyclic voltammetry (CV) curves were measured using a potentiostat (WonATech Co., ZIVE SP2,
Seoul, Korea) to determine the possibility of using BDD as an electrode by evaluating the electrochemical
properties of the surface of BDD films. To measure the potential window of oxygen and hydrogen
reactions, 0.5 M Na2SO4 solution was used as an electrolyte. To measure the electrochemical activation
and catalytic ability of BDD films, 0.5 M Na2SO4 solution and 50 mM K3Fe(CN)6/K4Fe(CN)6 solution
were mixed. Measurements were made at a scan rate of 20 mV/s using a Pt counter electrode and a
Ag/AgCl reference electrode.

COD was measured to determine the practical applicability of the deposited BDD film. For COD
analysis, nonbiodegradable organic contaminants in wastewater samples were collected from farm
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A in Yangsan, Korea, and refrigerated at 4 ◦C to prevent spoilage. COD was analyzed according to
the standard method for water pollution measurement in US Environmental Protection Agency (EPA)
method 410.3.

3. Results and Discussion

The morphology and thickness of the BDD film with respect to the deposition time are shown in
Figure 2. It was determined that the morphology of the BDD film did not change significantly with
respect to the deposition time. On the other hand, as the deposition time increased, the BDD film
deposited for 12 h showed a thickness of 1.1 ± 0.2 µm, and the BDD film deposited for 60 h showed a
thickness of 5.6 ± 0.5 µm. As the deposition time increased by 5 times, the thickness also increased by
about 5 times, demonstrating that there was a constant deposition rate of 100 nm/h, which did not
increase or decrease over time.

Figure 2. Surface morphology and cross-sectional FE-SEM images of boron-doped diamond (BDD)
films deposited for (a) 12 h and (b) 60 h.

XRD pattern analysis was performed to confirm the success of diamond deposition through
the diamond characterization peak. The results of 12 h BDD film deposition (Figure 3a) showed
the (111) peak near 44◦ and the (220) peak with very low intensity values around 75◦. Likewise, for
the 60 h BDD film deposition (Figure 3b), the (111) and (220) peaks were observed around 44◦ and
75◦, respectively. Compared to the 12 h result, both peaks showed relatively high intensity values.
In addition to the diamond characterization peak, a niobium carbide peak was also observed in both
results. This indicated that the surface of the substrate used for diamond deposition was carbonized.
In XRD diffraction analysis, the depth of the measurement range of the characterization peak is greater
than the diamond deposition thickness [16–18]. The reason the (111) and (220) diamond characterization
peaks were relatively high in the BDD film deposited for 60 h was because the thickness was relatively
higher than the BDD film deposited for 12 h; it was not due to any other reason or difference in the
quality of the diamond.
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Figure 3. X-ray diffraction analysis results with respect to deposition time: (a) 12 h and (b) 60 h.

Through the XRD pattern analysis, it was not possible to determine whether the diamond was
doped by substitution of boron. Therefore, Raman spectra analysis was carried out, and the results
are shown in Figure 4. The boron doping amount in this study was 11,400 ppm, calculated based on
the flow rate and vapor pressure of acetone and TMB solution according to the temperature in the
experiment. In the Raman analysis, unlike the XRD pattern analysis or morphology analysis through
FE-SEM, significant changes due to boron doping were observed. The peak in the 1332 cm−1 region,
the diamond characterization peak, disappeared and new peaks were observed. However, regardless
of the change in thickness of the BDD film, there was no difference in the Raman results with respect to
the deposition time.

Figure 4. Raman spectra of BDD films deposited for (a) 12h and (b) 60 h.

For these spectral changes in Raman analysis, Ushizawa [19] and Mortet [20] found that the
characteristic peak of diamond observed at 1332 cm−1 changes when boron is doped in diamonds above
400 ppm. It was observed that as the boron doping amount increases, the diamond characterization
peak gradually decreases and disappears at 1332 cm−1, which shifts to a lower frequency and becomes
broader. In this study, the same phenomenon as the references was observed. As 11,400 ppm of boron
was doped, the diamond characterization peak gradually decreased, shifted to a lower frequency,
and broadened. This refers to the broad peak found at 1210 cm−1 in Figure 4a,b. The change in the
diamond characterization peak due to boron doping is due to impurities and defects due to relaxation
of the selection rule of the wave vector due to disturbance [21–24]. Additionally, when boron is doped
into the diamond film, a broad peak is observed at 490 cm−1 due to interference between continuous
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electron excitation and the central optical phonon in the discontinuous region, as Ushizawa and Mortet
noted [21–24]. A broad peak at 490 cm−1 was also observed in this study. Therefore, the results of
Raman spectra analysis indicated that boron was successfully doped into the diamond film.

In order to analyze and evaluate the electrochemical properties of the deposited BDD film with
respect to deposition time, the CV curve was measured using a potentiostat. The potential window,
catalytic activity, and electrochemical activation were measured. Figure 5a shows the potential window.
The potential window is the range of potential that can neglect the disturbances caused by the reaction
of the electrode, solvent, and supporting electrolyte. The value of the potential window is the distance
between both ends of the inflection point, that is, the length from the inflection point where the current
density starts to increase to the inflection point where the current density starts to decrease [23,25,26].
With the potential window, the particle density and thickness of the electrode are affected. As shown
in Figure 5a, the thickness of the BDD film increased as the deposition time increased, and thus the
potential window slightly increased. The possibility of using the deposited BDD film as an electrode
should be measured by the potential window as well as catalytic activity and electrochemical activation.
The catalytic activity and electrochemical activation measurement results are shown in Figure 5b.
The prominent peaks at ~0.35 and ~0.18 V confirm that the catalytic activity and electrochemical
activation do not have much effect on the deposition time, which is only affected by the exposed
electrode surface [23,25,26]. The catalytic activity and electrochemical activation of BDD films were
almost the same with respect to deposition time because the properties of the exposed surfaces were
the same with the same amount of boron doping.

Figure 5. Cyclic voltammetry (CV) curves of BDD films with deposition time in (a) 0.5 M Na2SO4

solution and (b) mixture of 50 mM K3Fe(CN)6/K4Fe(CN)6 solution and 0.5 M Na2SO4 solution.

COD results are shown in Figure 6a. The initial COD concentration of nonbiodegradable organic
contaminants in wastewater was 6500 ppm. To evaluate the organic removal efficiency of the BDD
anodes, changes in COD concentration with electrolysis duration of equal volume (900 mL) samples
were analyzed using a standard method under a constant voltage of 5 V. For the BDD anode samples,
the COD concentrations decreased to 712 and 508 ppm after electrolysis for more than 2 h, with COD
removal rates of 89% and 92%, respectively. On the other hand, the IrO2 electrode showed a low
removal rate of 47.35% with a COD concentration of 3422 ppm after electrolysis for more than 2 h.
As shown in Figure 6b, each BDD sample exhibited the highest degradation rate in the initial 1 h,
and the reaction was finished after 2 h. However, in the IrO2 electrode, nonbiodegradable organic
contaminant degradation occurred in the initial 90 min, but there was no further degradation after
90 min. This shows that the BDD electrode, which is capable of generating stronger oxidizing agents
(OH−, O3) than the IrO2 electrode, can remove more nonbiodegradable organic contaminants.
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Figure 6. Evaluation of change in (a) chemical oxygen demand (COD) and (b) degradation rate by
BDD anode.

4. Conclusions

The morphology of the BDD film was not affected by deposition time, whereas the thickness
increased with increasing deposition time. The deposition rate of the BDD film did not increase or
decrease with deposition time; rather, it remained constant at 100 nm/h. In addition, after boron doping,
the diamond film had electrochemical properties that the pure diamond film did not have. As the
thickness increased, there was an increase in the potential window. It was confirmed that there was no
change in electrochemical activation and catalytic activity. The COD removal rates were almost the
same with electrochemical activation and catalytic activity without being affected by the thickness
of the BDD film; a high removal rate of 90% on average was observed. This experiment confirms
that BDD electrodes would be much more useful for water treatment than the existing electrodes as
low-cost production is possible through the reduction of manufacturing cost.
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