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Boron-doped diamond (BDD) is of increasing interest for applications in electrochemical sensing. It is well known
that the sp? carbon content in BDD influences its electrochemical properties as electrode material. In this work,
evidence is provided that the surface sp? carbon content plays a crucial role in the electrochemical sensitivity of
BDD towards glucose. Single-crystal BDD, freestanding polycrystalline BDD and glassy carbon (sp? carbon
reference material) were examined by voltammetry. Neither single-crystal BDD, which is free of sp? carbon, nor
pure sp? glassy carbon could detect glucose in the range of 0.2-1.0 V. On the other hand, glucose oxidation was

observed on polycrystalline BDD, and with increasing intensity with increase of sp? carbon content. Thus, an
optimum amount of (B-doped) sp? carbon in the BDD electrode is needed for best sensing performance. Un-
derstanding this, and being able to control the composition of BDD, are not only important to glucose detection
but to any electrochemical sensing application involving BDD.

1. Introduction

Glucose detection and monitoring are extremely important proced-
ures in healthcare and in the lives of millions of people who suffer from
diabetes around the world. The World Health Organization has pointed
out that the number of diabetic patients increased from 108 million in
1980 to 422 million in 2014 [1]. This number is predicted to grow to 578
million by 2030 [2]. Therefore, there is a continuous urgent need to
develop affordable and easy-to-use medical instruments for diabetics to
monitor their blood glucose levels. The main commercial products on
the market at present are electrochemical enzyme-based glucose sen-
sors. However, the enzyme is easily inactivated by environmental fac-
tors such as temperature, pH, and humidity [3], and its immobilization
on the electrode is complicated and time-consuming. All these factors
lead to high cost, short life, and insufficient stability [4] of the glucose
sensors. Consequently, there is high demand for the development of non-
enzymatic glucose sensors to overcome the inherent shortcomings of
enzymatic detection [5-7]. Various metallic materials including pure
metals, metal alloys, metal hydrates, metal sulfides, metal nitrides, and
metal oxides have been studied for non-enzymatic glucose detection via
oxidation [8-11]. However, the glucose oxidation products will easily
adsorb on the surface of the metallic electrode and poison it.

BDD with its extreme electrochemical stability, low background
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current, wide potential window, resistance to fouling, and excellent
biocompatibility [12], is recognised as an ideal material for electro-
chemical sensing of glucose. In 2005, Lee et al. reported for the first time
that BDD electrodes can directly detect glucose without any modifica-
tion with enzymes or metallic catalysts [13]. A number of following
studies reported on improving the sensitivity of BDD towards glucose
oxidation, such as by changing the boron doping level, surface
morphology and surface termination, by creating 3D structures or by
introducing metal-containing catalysts [14-16]. However, the influence
of sp2 carbon, which mainly exists in the grain boundaries of BDD, has
been little explored. It is well known that changing the level of boron
doping and/or changing the grain sizes of the polycrystalline thin-film
BDD material, the sp? carbon content also changes. In general, the
more sp? carbon content in the BDD electrode, the higher the conduc-
tivity of the electrode, resulting in higher voltammetric background
current and narrower water potential window [17]. This was found to be
unfavourable for glucose sensing [18]. On the other hand, BDD elec-
trodes with higher sp? carbon content behave as “active anodes”,
showing higher catalytic activity towards analytes (e.g., dissolved oxy-
gen, pH, and hypochlorite [19,20]) that may be exploited for glucose
sensing. Other contradictory observations on the non-enzymatic detec-
tion of glucose using bare BDD electrodes were reported as well. For
example, Zhao et al. [21], Luo et al. [18], and Zou et al. [15] reported
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that as-grown BDD can directly detect glucose, while Watanabe et al.
[22] and Dai et al. [23] reported no glucose oxidation signal on bare
BDD electrodes. One of the main difficulties in making sense of these
reports, lies in the fact that the BDD electrodes used were fabricated
under different processing conditions and had distinct grain sizes,
boron-doping levels, surface morphologies, substrates, and were
potentially exposed to different contaminants.

In this work, carefully prepared BDD model electrodes with defined
microstructure and controlled amounts of sp? carbon were employed for
non-enzymatic electrochemical detection of glucose, in order to prop-
erly identify the role of sp? carbon in the electrocatalytic activity of BDD
towards this molecule. Four substrate-free BDD electrodes with distinct
sp? carbon content were prepared by microwave plasma chemical vapor
deposition (MWPCVD): including single-crystal BDD (boron content of
1.5 x 10%° atoms/cm®) and freestanding polycrystalline BDD (boron
content of 3 x 10%° atoms/cm3) with nucleation side and both as-grown
and polished growth surfaces. Linear sweep voltammetry (LSV) was
used and the peak current densities were derived for glucose concen-
trations in the range from 0 to 15 mM.

2. Experimental

Details of the preparation and characterization of the BDD elec-
trodes, electrochemical measurements, and the chemicals used are given
in Supplementary Information.

3. Results and discussion
3.1. Surface characterization of BDD electrodes

The respective growth (FS-BDD-gr) and nucleation (FS-BDD-nucl)
surfaces of freestanding polycrystalline BDD (FS-BDD) were measured as
received. The polished surface (FS-BDD-pol) was obtained by chemical
mechanical polishing of the growth surface. SEM images of the different
BDD electrode surfaces were recorded before any treatment, and they
are shown in Fig. 1. A strong variation in grain size, surface roughness,
and boundary line density among the different samples was observed.
The single-crystal BDD surface (Fig. 1a) exhibits triangular features
indicating small growth steps. It presents a smooth surface (S; ~ 5.1 nm)
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and no misoriented crystals or twins can be observed. The three SEM
images in Fig. 1b, c, and d reveal very different features of the various
polycrystalline FS-BDD surfaces. The growth surface (Fig. 1d) shows
relatively large crystal facets (up to ~ 60 um in lateral size) and also
some smaller grains on top of them, resulting in a relatively high
roughness (S, ~ 15 pm). The polished surface (Fig. 1c) presents a much
lower roughness (S, ~ 1.3 nm) and highlights the non-uniform compo-
sition of the grain structure of FS-BDD, which is due to the growth
process. The nucleation surface (Fig. 1b) has the smallest average grain
size (~ 1 ym) and consequently more boundaries. Also, a large number
of voids between grains are present (see inset of Fig. 1b).

Raman spectroscopic analysis (Fig. 2) was done to evaluate the
crystalline quality, boron incorporation and presence of sp? carbon on
the BDD electrode surfaces. The intense sharp peak at 1332 cm™!
observed for all samples is assigned to sp>-hybridized carbon. This

Diamond
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ng Y Sp® G peak|
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Fig. 2. Raman spectra of the various BDD electrode surfaces. The as-measured
curves were normalized relative to the diamond one-phonon line at 1332 cm ™.

Fig. 1. SEM images of the (a) single-crystal BDD, (b) FS-BDD-nucl, (c) FS-BDD-pol and (d) FS-BDD-gr electrode surfaces. Inset in b shows a magnified image of the
same surface (scale bar 5 um). Few selected grains and grain boundaries are marked by yellow dashed lines. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)



Z. Liu et al.

diamond zone-centre phonon line is narrowest in the case of the single-
crystal BDD (FWHM ~ 3.7 cm™). The line width broadens in the order
FS-BDD-gr < FS-BDD-pol < FS-BDD-nucl, which coincides with the
decrease in average grain size of the electrode surfaces and thus shorter
phonon lifetime. The sp® peak of FS-BDD-nucl is strongly distorted,
forming a separated branch around 1200 em ™! due to the Fano reso-
nance effect [24]. The broad bands observed between 450 and 600 cm ™!
are attributed to Raman scattering involving boron—carbon vibrations
[25]. The G-band at around 1580 cm™! is contributed from graphitic
material (i.e., sp?-C) present in the grain boundaries of the BDD material
[26,27], and normalized G-band values (maximum value to 1) are given.
It shows highest intensity for FS-BDD-nucl, because the boundary den-
sity is highest. FS-BDD-gr with the largest average grain size and lowest
boundary density shows very minor G-band signal. No significant G-
band signal could be detected on single-crystal BDD, indicating negli-
gible sp? carbon. Furthermore, sp? carbon content was also electro-
chemically measured with a more surface-sensitive method as described
in Ref. [28] shown in Fig. S2.

3.2. Electrochemical detection of glucose on BDD electrodes

The electrochemical sensing of glucose on the BDD electrodes was
investigated using LSV in 0.1 M NaOH solution with and without 15 mM
glucose. In the absence of glucose (Fig. 3a), no oxidation peaks were
detected for all BDD electrodes in the range from 0.2 to 1 V. In 15 mM
glucose (Fig. 3b), oxidation peaks with increasing intensity were
detected with FS-BDD-gr, FS-BDD-pol, and FS-BDD-nucl at 0.72 V, 0.75
V, and 0.76 V, respectively, which coincide with the potentials previ-
ously reported for glucose oxidation on thin-film and nanostructured
BDD electrodes [13,14,18]. However, no oxidation could be observed at
all with single-crystal BDD. Peak current densities of BDD electrodes
within 15 mM glucose solution versus normalized Raman G-band values
(see Fig. 2) and quinone-related oxidation peak values (see Fig. S2 in
Supplementary Information) are shown in Fig. 3c. There, it can be
clearly seen that the glucose oxidation peak increased with the increase
of sp? carbon content, indicating thus higher catalytic activity.

Fig. 4 shows the linear sweep voltammetry curves for various glucose
concentrations from 0 to 15 mM recorded with the four different BDD
electrodes. It can be seen that the curves from single-crystal BDD with
different glucose concentrations overlap each other, indicating that
single-crystal BDD with its negligible sp? carbon is not catalytically
active towards glucose oxidation. On the contrary, the three different
FS-BDD electrode surfaces do catalyse glucose oxidation, and an in-
crease in peak currents was observed with increase in glucose concen-
tration. Noticeable differences in response are evident though. There
was a weak response towards glucose for FS-BDD-gr, which contains a
relatively small amount of sp? carbon. The strongest response was found
for FS-BDD-nucl, which is also richest in sp?>-bonded carbon.

In the sensitivity analysis, the response of the peak current density
(ipa) with varying glucose concentration was analysed for all BDD
electrodes. Results are shown in Fig. 5. Because there is no apparent
glucose oxidation peak on LSV using single-crystal BDD, the corre-
sponding peak current densities were taken at the selected potential of
0.75 V. The response towards glucose for the FS-BDD-gr is linear in the
range from 2 mM to 10 mM, which well covers the physiological range of
3-8 mM [14]. From a linear regression fit (see Table S1 in Supplemen-
tary Information), a sensitivity of 0.78 pA mM ! cm 2 was derived. FS-
BDD-pol showed higher sensitivity of 1.37 yA mM ' cm ™2, while FS-
BDD-nucl demonstrated the highest sensitivity of 7.25 yA mM ' cm ™2
among all the BDD electrodes. The limit of detection for each of the three
FS-BDD surfaces was estimated at a signal-to-noise ratio of 3, and shown
in Table S1. The likely explanation is that the relatively higher sp?
carbon content within FS-BDD-nucl contributes to the enhanced elec-
trocatalytic activity towards glucose. Since pure sp? carbon (glassy
carbon) cannot detect glucose in the range of 0.2-1.0 V (see Fig. S3 in
Supplementary Information and previous work [29]), this enhanced
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Fig. 3. Linear sweep voltammetry of the various BDD electrodes measured in
0.1 M NaOH solution: (a) without glucose and (b) with 15 mM glucose. (c)
Glucose oxidation peak current densities within 15 mM glucose solution versus
normalized Raman G-band intensity (bottom x-axis) and quinone-related
oxidation peak values (top x-axis), respectively.

catalytic activity could either originate from boron-doped sp? carbon

[30] or unsaturated catalytically active sites located between grain
boundaries and grains [31].

3.3. Effect of sp? carbon removal on glucose detection

To prove the important role of sp? carbon in BDD-based
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Fig. 5. Peak current densities from the LSV curves of the various BDD elec-
trodes in the range of 0-15 mM glucose. Linear fitting lines in the range from 2
to 10 mM are shown.

electrochemical sensing towards glucose, FS-BDD-pol and FS-BDD-nucl
were exposed to one hour anodic oxidation at 5 V to remove sp? car-
bon from the electrode surfaces [32]. It can be seen from Fig. S4 (Sup-
plementary Information) that quinone-related oxidation peaks of FS-
BDD-pol and FS-BDD-nucl disappeared after anodic treatment, thus
indicating negligible sp? was left. The linear sweep voltammetry curves
for various glucose concentrations and the corresponding peak current
densities recorded on FS-BDD-pol and FS-BDD-nucl after the anodic
oxidation treatment are shown in Fig. 6 and Fig. S5 (Supplementary

Information), respectively.

It can be seen from Fig. 6a that the LSV curves for FS-BDD-pol
changed drastically compared with the ones shown in Fig. 4c and,
only when considering up to 5 pA cm ™2, a weak current response can be
observed with varying glucose concentration. The current response of
FS-BDD-nucl after removal of sp? carbon (Fig. 6b) was reduced with
even greater magnitude as compared with the curves in Fig. 4d. Linear
regression of the peak current density vs. glucose concentration (Fig. S5
in Supplementary Information) shows that the sensitivity of FS-BDD-pol
dropped from 1.37 t0 0.62 pA mM ! cm ™2 and the sensitivity of FS-BDD-
nucl decreased by nearly 9 times from 7.25 to 0.78 pA mM ' cm™2.
These results provide strong indication that (B-doped) sp? carbon con-
tent is essential for electrochemical sensing of glucose using BDD
electrodes.

4. Conclusions

In this work, BDD model electrodes with controlled amounts of sp>
carbon were systematically studied for non-enzymatic electrochemical
detection of glucose. It was found that glucose oxidation on BDD elec-
trodes is strongly affected by the surface sp? carbon content. Single-
crystal BDD with negligible amount of sp? carbon is catalytically inert
towards glucose oxidation. The FS-BDD electrode surfaces with different
grain structure and sp?-carbon content but equal boron-doping level
displayed different catalytic activities towards glucose sensing. Glucose
oxidation in 0.1 M NaOH enhanced with the increase of the sp? carbon
content. FS-BDD-gr with a small amount of sp? carbon showed a sensi-
tivity of 0.78 uA mM ™' cm 2 and the sensitivity of FS-BDD-pol was 1.37
pA mM ! cm 2. The FS-BDD-nucl electrode with the highest sp? carbon
demonstrated the highest sensitivity of 7.25 yA mM~! cm™2 After
removing sp? carbon by anodic oxidation, the sensitivities of FS-BDD-pol
and FS-BDD-nucl dropped to 0.62 and 0.78 pA mM ! em ™2, respectively.
Based on the above findings, we conclude that the electrocatalytic
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Fig. 6. Linear sweep voltammetry performed with (a) FS-BDD-pol and (b) FS-BDD-nucl after 1-hour anodic oxidation treatment. Glucose concentrations in the range

from 0 to 15 mM in 0.1 M NaOH solution.

activity towards glucose oxidation is dependent on the amount of sp?
carbon on the surface of the electrode. It is still unclear whether these
sites are on boron-doped sp? carbon or unsaturated active sites located
between grain boundaries and grains. Further research will be carried
out to investigate the mechanism of glucose oxidation on BDD elec-
trodes. Among others, we will study the effects of pH value and choice of
electrolyte on the sensitivity towards glucose oxidation and we will
employ conventional thin-film BDD as well as B-doped sp2 carbon ma-
terials as electrodes.
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