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Abstract The bulk B-doped polycrystalline diamond

(PCD) electrode in this study was prepared by high-pres-

sure, high-temperature (HPHT) technology. The PCD was

sintered under HPHT conditions, using B-doped diamond

powders and a metal catalyst as raw materials, then the

metal solvent phase was dissolved by aqua regia. The

morphology and composition of the PCD were investigated

with a scanning electron microscope (SEM), X-ray dif-

fraction (XRD), and energy dispersion spectrum (EDS).

The results show that the sintered body possesses a poly-

crystalline structure with direct diamond–diamond bond

and irregularly shaped pores of 1–10 lm distributed on the

grain boundaries after the metal solvent phase was

removed. The cyclic voltammogram and electrochemical

impedance spectroscopy of this B-doped electrode have

been investigated. The B-doped PCD electrode exhibits

stable electrochemistry in a KCl support solution over a

wide potential range. The quasi-reversible reaction occurs

on the electrode for the [Fe(CN)6]3-/4- couples. The

electrode process combines the diffusion-controlled mass

transport plus the kinetic process. The electrochemical

impedance spectroscopy (EIS) analysis shows the porous

structure characteristic of the PCD electrode.
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1 Introduction

Conductive diamond film electrodes have received great

attention in past decades due to their unique electrochem-

istry properties, such as wide potential window and low

background current in aqueous or non-aqueous electro-

lytes; high chemical and electrochemical stabilities; and

excellent corrosion stability, even in strong acidic media,

etc. [1]. All of these properties make diamond electrodes

well-suited for wide electrochemical applications in the

electroanalysis [2–5] and electrosynthesis fields [6–8].

Boron doped diamond (BDD) film electrodes fabricated

by chemical vapor deposition (CVD) techniques are the

most widely studied and well reported in the literature

[9–11]. However, a high surface area or porous electrode

is required in some electrochemical fields such as

electrochemical capacitors, electrocatalysis, electrochemi-

cal filters, and electrochemical treatment of waste water.

Clearly, the CVD diamond film is not a competent material

for these applications. To increase the double-layer

capacitance, Fujishima et al. [12] fabricated nano-honey-

comb diamond electrodes with a honeycomb-like array of

deep, cylindrical pores with a high aspect ratio using

oxygen plasma etching on CVD diamond film. The nano-

honeycomb diamond electrodes exhibited high capacitance

and a wide potential window. Swain et al. [13] recently

proposed a new method to fabricate high-surface- area and

conductive BDD electrodes by coating the insulated dia-

mond powders with a conductive BDD layer using the

CVD method and suggested the use of the conductive

diamond powders as electrocatalystic support.

Compared with the CVD technique, the production of

diamond powders by the HPHT method has already been

proven to be a relatively cheap high-volume technology.

Previous work in our research group has presented a
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method to synthesize BDD crystals under the conditions

of high pressure and high temperature using boron-doped

graphite intercalation compounds (GICs) as carbon sources

[14, 15]. We have also investigated the electrochemical

behavior of BDD powder electrode in the neutral sup-

porting electrolyte and the solution containing K3Fe(CN)6/

K4Fe(CN)6 redox couple [16]. However, the complexity of

packed powders on the morphology and the density makes

the electrochemical results difficult to repeat exactly while

using either the same electrode or different electrodes.

Moreover, the inconvenience in the cleaning process also

limits the application of the powder electrode.

In the present work, we fabricated a boron doped

polycrystalline diamond by HPHT sintering and a porous

structure formed by subsequent acid etching to remove the

metal compositions, which acted as a solvent during the

sintering process. This bulk and porous BDD polycrystal-

line can be applied as a novel diamond electrode, which

has large surface area, long-term stability, and is easy to

clean compared with the powder electrode. The elec-

trochemical behavior of a synthetic diamond electrode

was evaluated by the cyclic voltammetry (CV) and AC

impendence measurements.

2 Experimental

2.1 Fabrication of B-doped PCD electrode

BDD crystals were synthesized by the HPHT method using

H3BO3-GICs as carbon sources. The details were intro-

duced in the references [14]. X-ray fluorescence results

confirmed that the boron content in the diamond reached

about 3.75 9 1020 cm-3. The particles were compacted to

powders finer than 20 lm and the packed powders’ resis-

tivity as measured by ohmmeter was 6.75 X cm. BDD

powders were mixed with 15 wt% Fe–Co–B alloy powders

(average grain size of 10 lm), which were chosen as a

catalytic solvent and then put into the cylindrical graphite

mould (u6 9 3 mm). The packed graphite moulds were

placed in the pyrophyllite high-pressure mould shown in

Fig. 1. The high-pressure sintering process was performed

at 1,450 �C and 6 GPa for 10 min on the cubic-type, high-

pressure equipment. The obtained compacts were treated in

boiled aqua regia for 12 h to remove the metal and the

corresponding pores left inside the sintered body. XRD,

EDS and SEM were used to investigate the composition

and the morphology of the PCD. The porosity was mea-

sured by Archimedes’ method. Thus, the prepared B-doped

PCD sample was sealed into a silicone tube, the exposed

end (the surface area was about 0.17 cm2) was polished by

diamond powders, and the opposite end was attached to a

copper wire. The prepared B-doped PCD electrode was

used as the working electrode in the following electro-

chemistry measurement.

2.2 Electrochemical measurement of B-doped PCD

electrode

A CHI600A electrochemistry analyzer was used to per-

form the electrochemistry experiments. The CV and AC

impedance measurements were carried out in a single-

compartment, three-electrode system, which consisted of a

B-doped PCD electrode as the working electrode, a saturated

calomel electrode (SCE) reference electrode, and a platinum

coil counter electrode. The CVs of the PCD electrodes in a

solution of KCl containing K3Fe(CN)6/K4Fe(CN)6 were

recorded. The scan rates were set as 0.01–1 V s-1. The

potential amplitude of the AC signal was kept as 5 mV and

the measured frequency range was 10-2–105 Hz in AC

impedance experiments.

All solutions were prepared using reagent grade chem-

icals in doubly distilled water. The solutions were purged

by N2 prior to the electrochemical measurements. Ultra-

sonic cleaning was required for the PCD electrode when

the electrolyte changed.

3 Results and discussion

3.1 Morphology and composition of synthetic B-doped

PCD

Figure 2 shows the morphology of the PCD compact after

high-pressure sintering (a) and then acid eroding (b), (c).

The ternary alloy melted under high temperature and cat-

alyzed the graphitation of the diamond surface, leading to

diamond recrystallization and the formation of a poly-

crystalline structure with a direct diamond–diamond bond.

Good bonding among diamond crystals is clearly exhibited

in Fig. 2a. The metal phase dispersedly resides in the

corner among diamond grains or intercrystallite bound-

aries. Pores form at the corresponding positions after the

1
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5

Fig. 1 High-pressure assembly: (1) Pyrophyllite, (2) Graphite mould,

(3) Mixture of BDD powders and alloy powders, (4) Graphite plate,

(5) Steel ring
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metal is removed by treating it in boiling aqua regia as

shown in Fig. 2b. No metal phase was found in the XRD

results (Fig. 3) and less than 5% metal inclusion was

detected by EDS, as shown in Fig. 4. It is concluded that

the metal has little effect on the conductivity of PCD.

Indirect evidence suggests the change of PCD resistance

from 1.5–5 to 15–120 X after acid eroding. The good

conductivity of the sintered PCD arises from the contri-

bution of the residual metal net and the higher resistance is

due to B-doped PCD after the metal was removed. The

irregular pores of 1–10 lm dispersed on grain boundaries,

as shown in Fig. 2c, and the porosity was measured at

14 vol.%.

3.2 Cyclic voltammetric characteristics of B-doped

PCD electrode

Figure 5 shows a CV curve on the B-doped PCD electrode

in the solution of 0.1 M KCl at a scan rate of 0.1 V s-1

over the potential range of -2–2.2 V. It exhibits a wide

potential window that is the characteristic of BDD elec-

trodes [17, 18]. The CV curves on B-doped PCD electrodes

at different scan rates in 0.1 M KCl solutions containing

0.01 M [Fe(CN)6]3-/4- redox couple are shown in Fig. 6.

Well-defined, symmetric curves are seen with the peak

separation DEp of 103–224 mV vs. SCE, corresponding to

the scan rate from 0.01 to 0.5 V s-1. The [Fe(CN)6]3-/4-

redox reaction at the B-doped PCD electrode exhibits

quasi-reversible electrochemical kinetics. The linear rela-

tionship between anodic peak current Ip and the square root

Fig. 2 Morphology of the

sintered PCD (a), after acid

eroding (b, c)
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Fig. 3 XRD pattern of the PCD after acid eroding
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of scan rate v1/2 (as shown in Fig. 7) at the scan rate of

0.01–0.1 V s-1 indicates a diffusion-controlled process at

the electrode. At the higher scan rate, the peak current

deviates from the linear relation with v1/2, implying the

inner surfaces of the pores are involved in the electro-

chemical reaction.

Figure 8 shows the CVs on the B-doped PCD electrode

in 0.1 M KCl solutions containing [Fe(CN)6]3-/4- redox

couple of different concentrations. The peak current

increases with the rising of the concentration of

[Fe(CN)6]3-/4- and the linear relationship is shown in the

insert section.

3.3 EIS of B-doped PCD electrode

The further electrochemical information of the B-doped

PCD electrode is obtained by employing EIS. Figure 9

shows the Nyquist plot on the B-doped PCD electrode inFig. 4 EDS of the PCD after acid eroding
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Fig. 5 CV curve on a B-doped PCD electrode in 0.1 M KCl at a scan

rate of 0.1 V s-1
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Fig. 6 CV curves on a B-doped PCD electrode in 0.1 M KCl

?0.02 M [Fe(CN)6]3-/4- at different scan rates
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Fig. 7 Peak current vs. the square root of the scan rate
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Fig. 8 CV curves on the B-doped PCD electrode in 0.1 M KCl

containing [Fe(CN)6]3-/4- of different concentrations at scan rates of

0.05 V s-1. Inset: Peak current vs. [Fe(CN)6]3-/4- concentration
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0.1 M KCl electrolytes at the potential of 0 V vs. SCE. The

frequency range is 10-1–105 Hz. The impedance spectrum

in the absence of electro-active species presents two

semicircle arcs, which can be described by a simple

equivalent circuit consisting of two RC elements in a ser-

ies, as shown in the insert of Fig. 9 [17]. The RC element

corresponding to the high-frequency semicircle represents

the impedance resulting from the resistance of the PCD

electrode Rd in parallel with the capacitance Cd at the

contact interface between the B-doped PCD electrode and

the electrolyte solution. The depressed arc in the low-fre-

quency region associates with the electric double layer on

the inner surface of the pores, which can be expressed as

RcCdl parallel circuit in the equivalent circuit. The charge

transfer resistance inside the pores Rc increases distinctly

and the inhomogeneous porous structure (sizes, shapes, and

depths) leads to the frequency dispersion, so the double-

layer capacitance Cdl is replaced by a constant phase ele-

ment (CPE) [18–23] whose impedance is formulated by:

ZCPE ¼ Y0ð Þ�1 jxð Þ�a ð1Þ

where the constant Y0 and the exponent a are frequency-

independent and x is the angular frequency. a is a cor-

rection factor related to the roughness of electrode surfaces,

with values ranging between 0 and 1. Y0 acts as a capaci-

tance when a = 1 and CPE is a pure resistance when

a = 0, if a = 0.5, CPE is a pure Warburg impedance.

The solid line in Fig. 9 is simulated curve based on the

equivalent circuit; the simulated parameters Rd = 65 ±

1 X, Cd = 2.45 9 10-8 ± 0.02 F, and Rc = 1,430 ±

20 X; and the parameters of CPE a = 0.68 ± 0.003 and

Y0 = 1.45 9 10-3 ± 0.005 Fa Xa-1. The calculated dou-

ble-layer capacitance of the CPE element is 31.4 mF/cm2.

It is obvious that the double-layer capacitance resulting

from the porous structure is far higher than Cdl of planar

film electrode (Cdl = 10 lF cm-2) [12].

Figure 10 presents Nyquist plots on the B-doped PCD

electrode in 0.1 M KCl containing 0.01 M [Fe(CN)6]3-/4-

redox couples at different applied potentials vs. SCE. The

measured frequency range is from 105 to 10-2 Hz. A slight

arc in the high frequency, which relates to the parallel RdCd

element, connects with a straight line with a tilt angle of

33� followed by a depressed semicircle with different

diameters, which is a characteristic of a porous electrode.

The slope of the line, less than 45�, indicates the shape of

the pores is not cylindrical and the inner surface is inho-

mogeneous [19]. The plots in the high- and medium-

frequency parts are independent of the applied potentials,

shown as the insert section in Fig. 10. The proposed

equivalent circuit is shown in Fig. 11, in which CPE1 acts

as a pseudo-Warburg impedance because the value of a
(0.35–0.37) tends to be 0.5 [20]. The low-frequency
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Fig. 9 Nyquist plot of the B-doped PCD electrode in 0.1 M KCl at

the potential of 0 V. The solid line is the simulated curve calculated

on the basis of the equivalent circuit shown in the inset
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Fig. 11 Equivalent circuit of the reaction on the B-doped PCD
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or E \ 0.1 V. b For E = 0.1–0.3 V
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semicircle associates with the charge transfer inside the

pores, and the inhomogeneity of the pores leads to the

depressed arcs, which are also expressed as Rct-CPE2

parallel circuit in the equivalent circuit, as shown in

Fig. 11a. The charge transfer resistance Rct corresponding

to the diameter of the low-frequency semicircle increases

dramatically when the applied potential deviates from the

half peak potential (0.23 V) of the oxidation reaction.

Figure 12 shows the potential dependence of the charge

transfer resistance Rct. Therefore it is concluded that the

low-frequency arc relates to the electrode kinetics [23]. It is

also worth noting that the impedance at 0.2 V exhibits a

straight line following the arc in the low-frequency part,

implying the ion diffusion process inside the pores, so a

Warburg diffusion element W is added in the equivalent

circuit (Fig. 11b). This originates from the limited pore

depth and relatively large pore size (micrometer scale in

Fig. 2), and the ions are liable to penetrate to the bottom of

the pores and transfer charges with the inner surface of

pores. The electrode process is diffusion plus kinetic con-

trol, which is consistent with the results in Sect. 3.2.

The solid line in Fig. 10 is a simulated curve based on

the equivalent circuit in Fig. 11. (‘‘a’’ is used as E = 0.2,

0.3 V and ‘‘b’’ is used as E = 0.4 V). The fitting param-

eters are listed in Table 1.

Figure 13 displays Nyquist plots of B-doped PCD

electrode in 0.1 M KCl containing [Fe(CN)6]3-/4- of

different concentrations at the potential of 0.2 V. With the

increases of the concentration the value of Rct decreases,
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Table 1 Fitting parameters used in the simulation in Fig. 10

E/V 0.2 0.3 0.4

Rd/X 16.0 ± 0.2 16.8 ± 0.2 15.8 ± 0.2

Cd/910-8 F 5.5 ± 0.5 5.5 ± 0.5 5.5 ± 0.5

CPE1 Y01/Fa Xa-1 0.015 ± 0.001 0.010 ± 0.001 0.0091 ± 0.0005

a1 0.35 ± 0.005 0.35 ± 0.005 0.35 ± 0.005

Rct/9103 X 0.32 ± 0.02 4.3 ± 0.1 15.85 ± 0.25

CPE2 Y02/910-3 Fa Xa-1 2.0 ± 0.1 2.0 ± 0.1 2.1 ± 0.1

a2 0.55 ± 0.005 0.61 ± 0.005 0.76 ± 0.01
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Fig. 13 Nyquist plots of the PCD electrode in 0.1 M KCl containing

[Fe(CN)6]3-/4- of different concentrations at the potential of 0.2 V.

The solid line is the simulated curve calculated on the basis of the

equivalent circuit in Fig. 11
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Fig. 14 CV curves on the fresh B-doped PCD electrode (a), and the

electrode used for 6 months (b) in 0.1 M KCl containing 0.02 M

[Fe(CN)6]3-/4-, v = 0.01 V s-1

1550 J Appl Electrochem (2009) 39:1545–1551

123



because Rct is inversely proportional to the exchange cur-

rent that depends on the redox couple concentration.

3.4 Stability of B-doped PCD electrode

The sintered polycrystalline structure has a far higher bond

strength than the packed powders, so the PCD electrode has

higher morphology stability. Figure 14 shows the CV

curve on the PCD electrode in 0.1 M KCl containing

0.02 M [Fe(CN)6]3-/4- after the electrode has been used

for 6 months (the dash line). The slight decrease of the

peak current suggests the electrode still has high electro-

chemical activity after long-term use. Almost overlapped

Nyquist plots and SEM results (not shown here) also

confirm that little structure and morphology changes occur

in the PCD electrode. This implies the long life of the

B-doped PCD electrode.

4 Conclusion

A high boron doped polycrystalline diamond was synthe-

sized by high-pressure technology. The porous PCD with a

diamond–diamond bond was obtained after removing the

metal phase by acid etching. Irregularly shaped pores of

1–10 lm dispersively distributed on grain boundaries. The

synthetic B-doped PCD electrode exhibits stable electro-

chemistry in KCl support solution over a wide potential

range. For the [Fe(CN)6]3-/4- couples, the B-doped PCD

electrode reaction process is quasi-reversible. The elec-

trode process is the diffusion-controlled mass transport plus

the kinetic process. EIS analysis shows the porous structure

characteristic of the PCD electrode. The high double layer

capacitance resulting from the porous structure makes this

B-doped PCD electrode probable suitable for application in

capacitors. The high stability of the electrode implies the

electrode has a long life.
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