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Abstract
In the study, a hollow boron-doped diamond (BDD) nanostructure electrode is fabricated to
increase the reactive surface area for electrochemical applications. Tungsten oxide nanorods are
deposited on the silicon substrate as a template by the hot filament chemical vapor deposition
(HFCVD) method. The template is coated with a 100 nm BDD layer deposited by HFCVD to
form a core–shell nanostructure. The WOx core is finally electrochemically dissolved to form
hollow BDD nanostructure. The fabricated hollow BDD nanostructure electrode is investigated
via scanning electron microscopy, transmission electron microscopy, and Raman spectroscopy.
The specific surface areas of the electrodes were analyzed and compared by using Brunauer–
Emmett–Teller method. Furthermore, cyclic voltammetry and chronocoulometry are used to
investigate the electrochemical characteristics and the reactive surface area of the as-prepared
hollow BDD nanostructure electrode. A hollow BDD nanostructure electrode exhibits a reactive
area that is 15 times that of a planar BDD thin electrode.

Keywords: hollow structure, boron-doped diamond, electrochemical corrosion, tungsten oxide,
reactive surface area

(Some figures may appear in colour only in the online journal)

1. Introduction

Nanocrystalline boron-doped diamond (BDD) is an attractive
electrode candidate for electrochemical applications due to
its unique physical and chemical stabilities as well as its
remarkable electrochemical characteristics including a low,
stable background current, wide potential window, and good
biocompatibility [1–3]. In order to achieve superior perfor-
mance for electrochemical applications, nanostructured BDD is
developed and exhibits a high specific surface area per the
geometrical surface area of the electrode, and this enhances
the reactive surface area and the electron transfer kinetics [4].
The development of nanostructured materials is important in
various fields because the materials allow for device perfor-
mance improvements that are impractical while using micro or
bulk-size materials [5]. The surface-to-volume ratio effect of
nanostructured materials provides performance enhancements
in devices with electrochemical applications, such as chemical

and bio-sensors [6, 7], batteries [8], supercapacitors [9–12] and
wastewater treatment [13].

Various methods are developed to fabricate nanos-
tructured BDD electrodes with larger active surface areas. It
provides additional sites where the electrochemical reaction
occurs. A boron-doped diamond nanorod forest electrode
was manufactured by synthesizing diamond on a silicon
nanowire, and the electrode exhibited an enhanced sensi-
tivity for glucose detection when compared to that of a
planar BDD electrode [14]. Wang et al adjusted the length of
the BDD nanowires in the electrode via a maskless reactive
ion etching process with oxygen plasma and reported an
improvement in the glucose detection performance [15]. A
nano-porous BDD film with a honeycomb structure was
fabricated by etching polished polycrystalline diamond films
through porous alumina masks with an oxygen plasma, and
the structure allowed the storage of additional charge per
unit capacitance [16].
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In order to further improve the performance of an elec-
trode, hollow nanostructures with various shapes such as a
sphere, fiber, or box, are developed and exhibit increased
surface areas and lower densities than that of existing
nanostructured materials [17]. The most common method to
fabricate a hollow structure involves removing the templates
covered with functional materials via calcination by thermal
treatment, chemical etching, or the Kirkendall effect [18–23].
For example, Kondo et al developed a BDD hollow fiber
membrane by chemically etching a quartz filter substrate
consisting of quartz fibers [23]. Unfortunately, in most cases,
treatments with hazardous chemicals, such as HF, or energy
consumption and expensive equipment for calcination at a
high temperature are required to eliminate the template.
Although hollow structures are actively developed by using a
variety of functional materials, there is a paucity of studies on
a hollow structure composed of diamond or BDD materials.

In this study, we developed a hollow BDD nanostructure
electrode by the electrochemical corrosion of a tungsten oxide
nanorod support material surrounded by BDD without
expensive equipment, harmful chemicals, or a complicated
process. Tungsten can be electrochemically corroded at an
appropriate voltage applied in an ionic liquid electrolyte, and
thus tungsten oxide was selected as a template [24, 25]. The
BDD film was synthesized on a template of tungsten oxide
nanorods, and only BDD nanostructures remained and
retained their structure after the tungsten oxides were dis-
solved to the electrolyte via corrosion. The structure offered
reactive sites for target components on both the outer and
inner sides of the BDD nanorod. Hence, the hollow BDD
nanostructure electrode exhibited a better electrochemical
performance when compared with that of solid BDD nanor-
ods with identical morphology. The electrostatic self-assem-
bly of nanodiamond (ESAND) process was adopted to attach
the nanodiamond particles as nuclei for the deposition of the
BDD films on a tungsten oxide nanostructured template [26].
By using the ESAND process, the nanocrystalline diamond
film was deposited on the nanoscale substrate with minimal
damage [27]. In order to investigate the improved properties
and increased reactive surface area of the hollow BDD
nanostructure electrode were analyzed by using a cyclic
voltammetry (CV) and a chronocoulometry (CC) methods
compared to those of the planar BDD electrode. The incre-
ment of the electrochemical reactive surface area was com-
pared to that of specific surface area calculated by Brunauer–
Emmett–Teller (BET) method.

2. Experimental

2.1. Preparation of the WOx nanorods on a Si substrate

Tungsten oxide nanorods were prepared by a thermal evapora-
tion process in a chemical vapor deposition (figure 1(a)). An
array of tungsten wires (d=0.5 mm, 99.5%) was placed 5mm
above the (100)-oriented silicon substrate (20mm×20mm) as
the tungsten precursor. After evacuating the chamber to less than

4.0×10−3 Torr, the temperature of the substrate increased to
850 °C at a rate of 20 °Cmin−1. When the temperature reached
850 °C, the heater of the substrate was turned off, and the
tungsten filaments were subsequently heated to a temperature of
1700 °C by applying an AC voltage for 10min. After deposi-
tion, the chamber was cooled down to room temperature.

2.2. Synthesis of nanocrystalline BDD

In order to synthesize BDD on the tungsten oxide nanorods,
nanodiamond particles that acted as nuclei for diamond
growth should be attached to the surface of the tungsten oxide
nanorods by using the ESAND technique [26] (figure 1(b)).
An anionic poly (sodium 4-styrenesulfonate) coated nano-
diamond solution was prepared by using attrition milling, and
the solution is called the PSS-ND solution. In order to attach
the nanodiamond particles to the tungsten oxide nanorods, the
as-synthesized samples were immersed into the PSS-ND
solution for 4 h. Subsequently, the samples were softly rinsed
by D.I water and dried with N2 gas blowing.

The BDD film was synthesized by HFCVD with 1%
CH4, 0.05% B2H6, and 98.95% H2 for 8 h. The total flow rate
of the gas mixture was 100 sccm and the working pressure
was 70 Torr (figure 1(c)). The temperatures of the substrate
and the filament were maintained at 800 °C and 1900 °C,
respectively, during the deposition.

2.3. Fabrication of the hollow BDD nanostructure

As shown in figure 2, a constant potential (1 V versus Ag/
AgCl sat KCl) was applied for the corrosion of the tungsten
oxide nanorods that were placed inside the BDD nanorods, by
using a three-electrode cell in an acetate buffer solution
(pH 4.8) for 2 h. An Ag/AgCl electrode and Pt coil were used
as the reference and counter electrodes, respectively. The
tungsten oxide nanorods that were surrounded by BDD,
oxidized to tungstate ions through the structural openings
when the reaction voltage was applied. Thus, hollow BDD
nanostructure was fabricated as shown in figure 1(d).

2.4. Characterization

The morphology and structure of the synthesized tungsten
oxide and BDD films were inspected by using field emission
scanning electron microscopy (FESEM, Hitachi S-4300),
x-ray diffractometry (XRD, Rigaku SmartLab) and Raman
spectroscopy (HORIBA JOBIN YVON LabRam ARAMIS
IR2, 532 nm diode laser). Transmission electron microscopy
(TEM, TitanTM 80-300) analysis and high resolution-TEM
(HRTEM, TitanTM 80-300) analysis with a selective area
electron diffraction pattern acquisition apparatus were carried
out to investigate the structure of the WOx/BDD and hollow
structure BDD nanotube. In order to verify that the tungsten
was removed from the inside the BDD nanorods during the
oxidation process, TEM (Tecnai F20 G2) analysis equipped
with an energy-dispersive x-ray spectrometer (EDS) was
performed. Furthermore, the amount of tungsten in the acetate
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Figure 1. Schematic diagram of the fabrication process of the hollow BDD nanostructure and illustrations of a nanorod produced by each
step. (a) Tungsten oxide nanorods are deposited on the substrate by CVD. (b) Nanodiamond particles are attached to the surface of the
tungsten oxide nanorods. (c) BDD thin film is deposited on the tungsten oxide nanorods by HFCVD. (d) Tungsten oxide nanorods are
eliminated by electrochemical corrosion.

Figure 2. Schematic diagram and illustration of the method for electrochemical corrosion of tungsten oxides to acquire hollow BDD
nanostructure.
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buffer solution was analyzed by using an inductively coupled
plasma atomic emission spectrophotometer (ICP-AES, Jobin
Yvon Ultima2).

The electrochemical properties were examined by CV
and CC by using a potentiostat instrument (Princeton Applied
Research, VersaSTAT3) connected to a three-electrode cell
consisting of platinum (Pt) coil as the counter electrode, an
Ag/AgCl reference electrode, and modified BDD electrodes
(a planar BDD and hollow BDD nanostructure).

The BET method with krypton as the adsorption gas was
performed at 77 K (ASAP 2020 Micromeritics). The samples
were degassed under vacuum at 150 °C for 9 h prior to
measurement. The krypton adsorption isotherms were col-
lected at 77 K under the relative pressure (P/P0) range of
0.04–0.5. The specific surface area was calculated from the
BET plot in the relative pressure range of 0.17–0.31 except
for the nonlinear range.

3. Results and discussion

The surface morphology of the as-synthesized tungsten oxide
nanorod sample was investigated by FESEM (figure 3(a)).
The heating of the tungsten filament to 1700 °C resulted in a
tungsten oxide nanostructure with a length of 0.8–1.0 μm and
approximately 100 nm diameter nanorods on the as-annealed
silicon substrate. The synthesis mechanism of the tungsten
oxides can be described by using the vapor–solid growth
mechanism. The vaporized W or WOx (x= 2–3) from the
tungsten filaments attached to the silicon substrate, and the
supersaturated tungsten oxides subsequently tended to form
solid tungsten oxide clusters. The clusters acted as seeds for
growth and favorably absorbed tungsten species. A one-
dimensional (1D) nanostructure can be grown based on the
crystallinity of the seed [28].

The XRD pattern of the as-grown tungsten oxide nanorods
indicated that the nanorods contained WO2 (JCPDS No: 32-
1393) and WO2.72 (JCPDS No: 73-2177) (figure 3(b)). Although
an external flow of oxygen was not provided, oxygen could be
obtained from the air that leaked into the chamber, and thus
tungsten oxide was created instead of tungsten. It was difficult to

clearly identify the stoichiometry of tungsten oxide by using the
XRD pattern because tungsten oxide compounds exhibit similar
crystal structures [29]. The as-synthesized tungsten oxide
nanorods can contain WO2, WO2.72, and other non-stoichio-
metric tungsten oxides (WOx, x=2–3).

The ESAND process was used to cover the tungsten
nanorods with nanodiamond particles that acted as seeds for
the nanocrystalline BDD film deposition, and core–shell
structure WOx/BDD nanorods were subsequently fabricated
by the HFCVD deposition (figures 4(a), (b)). As shown in
figures 4(a) and (b), the tungsten oxide nanorods were clearly
identified that the nanorods are surrounded with BDD film
successfully. Owing to the well-dispersed nanodiamond par-
ticles from ESAND process, we obtained core/shell nanorods
composed of tungsten oxide and BDD with a uniform dia-
meter of approximately 250 nm. As shown in figure 4(c) the
dark areas that are evidently observed in figures 4(a) and (b)
were not detected after oxidation of tungsten oxide, thereby
implying that most of the tungsten oxides vanished from the
inside the BDD nanorods. The density of the nanorods
slightly decreased because a few nanorods with a sparse
number of attached diamond clusters could not sustain its
structure after the tungsten oxide template was removed,
although most of the nanorods remained and were densely
covered with diamond clusters.

The TEM analysis provides additional information about
the structural features of the as-prepared samples
(figures 5(a)–(d)). The TEM image of the WOx/BDD sample
indicates that the diamond clusters covered the 1D tungsten
oxide nanorods and formed a layer with a thickness of 100 nm
(figure 5(a)). The HRTEM image of the WOx/BDD
(figure 5(b), the investigated area is denoted by the white
square in figure 5(a)) verified that the cluster is a diamond
structure with a lattice spacing of 0.205 nm, and this corre-
sponded to the (111) planes of a cubic diamond. Dark area
shows that monoclinic (220) WO3 phase with the lattice
spacing 0.268 nm.

After electrochemical corrosion test, nanostructure is
only composed of diamond crystalline (figures 5(c) and (d)).
The selected area electron diffraction (SAED) pattern (the
inset of figure 5(d)) also confirmed that the cluster was a

Figure 3. (a) SEM image and (b) XRD pattern of the as-synthesized tungsten oxide nanorods.
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diamond structure (JCPDS No: 6-675). The results of EDS
confirm that core tungsten material is completely removed
after electrochemical treatment (figures 5(e) and (f)).

Raman spectroscopy was used to analyze the structural
phases of WOx/BDD and hollow BDD nanostructure. The
spectrum show that WOx nanorods composed of several types
of tungsten oxides such as WO2.72 and WO3 (figure 6(a)). The

band at 129 cm−1 was related to the W–O–W bending modes,
and the band at 263 cm−1 was related to the O–W–O bending
modes. The two peaks at 708 and 805 cm−1 were related to
the W–O stretching vibrations [30]. A shoulder peak at
940 cm−1 was speculated to originate from the W=O
stretching mode of the terminal oxygen on the surface of the
samples [31].

After the BDD deposition on the outer side of the
tungsten oxide nanorods, two discreet and broad peaks
appeared at 1340 and 1590 cm−1, and this corresponded to
the typical graphitic D-band and G-band that originated in
the BDD, respectively (figure 6(b)). When compared to the
spectrum of the as-synthesized tungsten oxide sample, the
peaks at 708 and 805 cm−1 were clearer in figure 6(b), and
this indicated that the amount of crystalline tungsten oxide
increased via the heat treatment during the BDD deposition in
the HFCVD system [32]. The two peaks at 185 and 237 cm−1

were separate from a broad peak at 263 cm−1 of WOx, and an
increased peak at 129 cm−1 suggested that the tungsten oxide
transitioned from amorphous to the crystalline structure via
the heat treatment at the BDD deposition temperature of
approximately 800 °C [33].

The tungsten-related peaks decreased significantly and
the carbon-related peaks at 1340 and 1590 cm−1 pre-
dominantly increased after the oxidation of tungsten compo-
nents to tungstate ions (figure 6(c)). The disappearance of
peaks at approximately 260, 700 and 805 cm−1 indicated that
only a few tungsten components existed inside the BDD
nanostructure, and the site in which the tungsten oxide existed
became empty space. The result revealed that the remaining
nanostructures were mainly constructed by BDD with a hol-
low structure.

The Raman spectrum of the planar BDD thin film that
was used as a comparison target and fabricated by using
HFCVD under the same BDD deposition conditions for
WOx/BDD exhibited peaks at 1150, 1340, 1480, and
1560 cm−1 (figure 6(d)). A comparison of the spectrum of the
planar BDD indicated that the spectrum of the hollow struc-
ture was similar to that of the planar BDD. Hence, peaks at
1150 and 1480 cm−1 were also detected in that of the hollow
BDD nanostructure. The peaks originated from trans-poly-
acetylene content in the grain boundaries of the nanocrystal-
line diamond film [34, 35].

However, the peak of the sp3 diamond phase at
1332 cm−1 was not clear because boron doping interrupts the
diamond lattice [36]. In addition, a small nanocrystalline
diamond grain size resulted in the existence of a high amount
of non-diamond carbon in the grain boundary, and it poten-
tially affected the peak of the sp3 diamond phase at
1332 cm−1 [37]. The G-band related peak at 1560 cm−1

shifted to 1590 cm−1 compared to that for the planar BDD
due to the increase in the non-diamond phase in the grain
boundaries that was caused by the smaller size of the diamond
clusters compared to those in the planar BDD [38]. The sharp
band in the spectrum at 520 cm−1 that was also observed for
the planar BDD and corresponded to the silicon substrate.

Consequently, the hollow BDD nanostructure sample
exhibited D- and G- bands and slight peaks at 1140 and

Figure 4. SEM image of (a), (b) tungsten oxide nanorods surrounded
with BDD (WOx/BDD) and (c) hollow BDD nanostructure.
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1480 cm−1 indicated that the nanocrystalline diamond phase
was well deposited on the as-synthesized tungsten oxide
sample in terms of Raman spectrum, and it coincided with the
result of the SAED pattern of the hollow BDD nanostructure.

Specifically, ICP-AES was used to determine whether the
tungsten in the WOx/BDD sample dissolved into the acetate
buffer electrolyte during the oxidation process (figure 7). The
amounts of tungsten that were oxidized from the WOx/BDD
sample when a voltage was applied were analyzed by ICP-
AES at two pH values, namely 3.2 and 4.8. As shown in
figure 7, the dissolved tungsten concentration in the solution
linearly increased with the oxidation time at pH 4.8 while
dissolved tungsten was rarely detected in solution for 10 min
at pH 3.2. The results indicated that the tungsten components
inside the BDD nanorods were readily oxidized into tungstate
ions and dissolved in the solution at pH 4.8, and thus hollow
BDD nanostructure were obtained.

Based on the Pourbaix diagram of tungsten, at a pH above
4.5, solid tungsten components can be transformed into tung-
state ions, such as WO ,4

2- instead of tungsten oxides in a solid
phase, namely, WO2, W2O5, and WO3, when a sufficient

voltage is applied [39]. The reaction mechanism for the anodic
dissolution of tungsten oxide was described by Kelsey [40] as
follows:

WO 4OH WO aq 2e 2H O. 12 s 4
2

2+  + +- - -( ) ( )( )

As shown in equation (1), at a higher pH value, a sufficient
concentration of OH− in the electrolyte promotes the reaction of
anodic oxidation of the tungsten components, and WO4

2- is the
expected product of the tungsten oxide dissolution [41]. Simi-
larly, non-stoichiometric tungsten oxide (WOx, 2<x<3)
such as WO2.72 was oxidized to WO3, that dissolved as WO4

2-

in the presence of OH− ions [42].
Additionally, CV was performed to further investigate

the change in the WOx/BDD electrodes as the tungsten oxide
template oxidizes and the electrochemical properties of the as-
prepared electrodes in a 3M KCl solution containing 10 mM
K3[Fe(CN)6] at a scan rate of 10 mV s−1 with an applied
voltage ranging from −1 to 1 V (versus Ag/AgCl) (figure 8).

As shown in figure 8(a), the CV of the as-prepared WOx

substrate indicates electrochemical behavior similar to that of
non-stoichiometric tungsten, and the oxidation peak was located

Figure 5. TEM and HRTEM images of (a), (b) WOx/BDD and (c), (d) hollow BDD nanostructure (inset: SAED pattern of a hollow BDD
nanostructure). Annular dark field images and EDS mapping for C and W elements of the (e) WOx/BDD and (f) hollow BDD nanostructure.
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at 0.49 V [43]. The CV for the WOx/BDD electrode (in which a
few tungsten oxides remained due to the insufficient oxidation
time for the tungsten components) revealed two oxidation peaks
at 0.39 V and 0.77V. Compared to the typical CV of a BDD
electrode [44], the second peak at 0.77 V was affected by the
reaction at the surface of the tungsten oxide residues that were
not oxidized out of the BDD nanorods. However, with respect to
the hollow BDD structure electrode, the tungsten components
were oxidized for a sufficient amount of time corresponding to
approximately 120min, and the peak affected by tungsten oxide
disappeared. The result indicated that the tungsten oxide com-
pletely moved from the BDD nanorods and that the BDD
nanorods exhibited voids in which the tungsten oxides existed.

As shown in figure 8(b), the anodic peak current (Ip.a) of
the hollow BDD nanostructure (1.37 mA) electrode increased
approximately 6 times compared to that of the planar BDD

electrode (0.23 mA) due to the increase in the reactive surface
area that resulted from the hollow structure [45]. Furthermore,
the peak-to-peak separation potential (ΔEp) value of the
hollow BDD nanostructure (0.10 V) was significantly reduced
compared to that of the planar BDD (0.41 V). This indicated
that the charge transfer kinetics of hollow BDD nanostructure
electrode is superior to that of the planar BDD [46].

The CC technique was performed to investigate the real
electrochemical reactive surface areas of the as-fabricated
electrodes in a 0.1 M KCl solution containing 0.1 mM
K3[Fe(CN)6]. The charge produced by the redox reaction at
the electrode is given by the Anson equation as follows: [47]

Q nFACD t Q Q2 , 21 2 1 2 1 2
dl ads= p + +- ( )/ / /

where Q denotes the charge (C), n represents the number
of electrons transferred, F denotes Faraday’s constant
(96 485 Cmol−1), A (cm2) denotes the electrochemical reactive
surface area, C (mol cm−3) denotes the concentration of the
oxidized species, D (cm2 s−1) denotes the diffusion coefficient,
t (s) denotes the time, Qdl denotes the double-layer charge, and

Figure 7. Variation in tungsten concentration measured with ICP-
AES as a function of oxidation time in the electrolyte from the
WOx/BDD sample at two pH values, namely 3.2 and 4.8.

Figure 8. Cyclic voltammograms of (a) tungsten oxides: WOx (black),
WOx/BDD (blue) and hollow BDD nanostructure (red) electrodes; (b)
planar BDD (green) and hollow BDD nanostructure (red) in a 3 M KCl
solution containing 10 mM K3[Fe(CN)6] at a scan rate of 10 mV s−1.

Figure 6. Comparison of the Raman spectra from 100 to 2000 cm−1

for the as-prepared samples: (a) WOx, (b) WOx/BDD, (c) hollow
BDD nanostructure, and (d) planar BDD.
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Qads denotes the faradic component due to the oxidation of
adsorbed species. The electrochemical reactive surface area (A)
of the electrodes was calculated by using the slope of the plot
of Q versus t1/2. In this study, the diffusion coefficient (D) of
0.1 mM K3[Fe(CN)6] was 7.6× 10−6 cm2 s−1 [48] and n=1.

Figure 9 shows the Q–t1/2 curve from the CC response.
By using Anson plot and the Anson equation (equation (2))
introduced previously, the average reactive surface area esti-
mated and shown in table 1. Hollow BDD nanostructure
shows the largest reactive surface area of 39.14 cm2.

The specific surface area of WOx/BDD and hollow BDD
nanostructure were characterized by the Kr adsorption process
at 77 K. The BET adsorption plots are shown in figure 10.
Table 1 shows a comparison of the BET average surface area
calculated for WOx/BDD and hollow BDD nanostructure.
The hollow BDD nanostructure present larger specific surface
area of 146.83 cm2 g−1 compared with that of WOx/BDD
nanostructure. These results indicated that the increments of
electrochemical reactive surface area and BET surface area
seem reasonable when we consider additional inner surface of
hollow nanostructures. The average values of reactive surface
area and BET surface area were summarized in table 1.

4. Conclusions

In this study, a hollow BDD nanostructure electrode was effi-
ciently fabricated by electrochemical corrosion of the tungsten

oxide nanorods surrounded by nanocrystalline BDD. Tungsten
oxides, such as WO2, WO2.72, and WO3, were oxidized to
tungstate ions (WO4

2-) in an acetate buffer solution (pH 4.8)
under sufficient voltage. The tungsten components were suc-
cessfully removed from the WOx/BDD nanorods, and the hol-
low BDD nanostructure maintained the morphology of the
nanorods and provided an additional reactive site inside of the
BDD nanorods. The hollow structure possessed a larger reactive
surface area and improved electrochemical properties compared
to that of a planar BDD electrode. Moreover, the reactive surface
area of the hollow BDD nanostructure exhibited 1.6 times that of
WOx/BDD. It indicated that the generation of hollow space
inside of the BDD nanorods is helpful to increase the reactive
surface area and enhance the electrochemical performance of the
electrode. In conclusion, this study proposes a simple, harmless,
and controllable fabrication method for a hollow BDD
nanostructure.
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