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In the following work we describe preparation and the electrochemical performance of thin and free-standing heavy
boron-doped diamond (BDD) nanosheets. The investigated foils were deposited on Ta substrate using microwave
plasma-enhanced chemical vapor deposition technique (MPECVD). Foils of two B-dopant densities were investigated,
obtained on the base of 10 k and 20 k ppm [B]/[C] ratio in the gas admixture. The obtained foils can be easily peeled
from substrate in deionized water to be then attached to other material, in this case polydimethylsiloxane (PDMS).We
have shown that the top surface and the bottom side of investigated boron-doped diamond nanosheet possess signif-
icantly altered morphology and physico-chemical properties, revealed by electron microscopy, Raman spectroscopy
and electrochemistry. The voltammetric response of investigated BDD foils as working electrodes indicates the highest
activity for the nanosheet with higher dopant concentration, in particular on its top surface. Furthermore, electrodes
are characterized with altered kinetics, characteristic for partially blocked electrodes with quasi-reversible charge
transfer.
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1. Introduction

The BDD (boron-doped diamond) electrodes are of great interest, espe-
cially in the field of diverse electronic [1] and electrochemical devices [2],
including transistors [3], biosensors [4], energy converters [5] and energy
harvesters [6]. The remarkable electrochemical properties of BDD film
makes it a very promising material for the third-generation biosensors [7]
combining sensitivity and specificity with the advantages of novel micro-
electronics. BDD modified electrodes also provide fast electrochemical re-
sponse in comparison to glassy carbon [8]. However, a number of new
applications are limited by the high temperature of the CVD growth of dia-
mond. To overcome this problem, we propose utilizing free-standing nano-
crystalline diamond (NCD) foils and thin diamond nanosheets on polymer
substrates. Here, we consider that the thin diamondmaterial could be trans-
ferred to other substrates by the standard scotch-tape techniques employed
in 2D materials and multi-layered electronic devices. In addition, free-
standing undoped non-conductive diamond films could be applied as a di-
electric barrier or their boron-doped counterparts, as a semiconducting p-
type layer or a biosensing surface.
).

r B.V. This is an open access article
The boron doped diamond provides other unique properties that make
it an ultra-sensitive electroanalytical platform for electrochemical sensing
[9–11], biosensing [12,13], and electrocatalysis [14–16]. As an electrode
material, diamond provides a wide electrochemical potential window
from −1.25 V to +2.3 V SHE (standard hydrogen electrode) in aqueous
electrolytes [17,18], as well as high anodic stability [19], chemical inert-
ness, [20,21] and biocompatibility. [22,23]

Besides the electrochemical performance, the high transparency of thin
CVD diamond films over the whole region from the ultraviolet to the far-
infrared spectral region allows for novel technological applications to opti-
cal coatings, [24,25] optoelectronic switching devices, [26] or high-speed
near-infrared photodetectors. [27] A few attempts to fabricate the diamond
foil have been reported in the literature. Seshan et al. [28] demonstrated a
versatile transfer technique based on an all-dry viscoelastic stamping to
pick upNCDfilms grownbyCVD thatwere later thinned bywet and plasma
etching. Next, Lodes et al. [29] and Fecher et al. [30] reported stripped-off
hot-filament CVD grown diamond foils by using a Nd:YAG laser.

Electrochemical analytical techniques are powerful methods that can
easily provide many information about novel materials and their electro-
chemical properties [31]. The unmodified BDD electrodes are widely
used to determination of different analytes [32]. Yang et al. [33] showed
wide overview of the electrical and electrochemical properties revealing
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its importance. Recent research areas range from in-vivo
bioelectrochemistry and neuronal/retinal stimulation advanced oxidation
processes [34], supercapacitors [35] to the extended electroanalysis of or-
ganic compounds, biomolecules [36] and pharmaceuticals [37]. Recently,
Diaz et al. [38] manifested that BDD enables production of a powerful oxi-
dant that could be used for water treatment purposes without generating
toxic by-products. This group reported that direct electron transfer from
the BDD and an indirect oxidation through •OH radicals is driving the gen-
eration of ferrate. Next, Ivandini et al. [39] performed first-principles mo-
lecular dynamics simulations and electrochemical studied at various BDD
crystal orientations and surface terminations showing that polycrystalline
BDD is the most reactive, whereas the (111) samples proved to be more re-
active than the (100) ones for single-crystal BDD.

In the present paper, we describe the electrochemical properties of both
sides of thin diamond foils/nanosheets that could be used as freestanding
electrodes. We demonstrate electrochemical behavior of a reference redox
system by using voltammetric techniques with thin boron-doped diamond
nanosheets transferred to polymer substrate as working electrodes. Potas-
sium ferrocyanide was employed for evaluating the electrochemical prop-
erties of thin diamond nanosheet electrode. To date, there is no report of
fabricating high-area thin diamond nanosheets transferred to flexible poly-
mer substrate along with detailed electrochemical investigation.

2. Experimental

2.1. Free-standing boron-doped diamond nanosheets

The growth of boron-doped diamond nanosheets was carried out in mi-
crowave plasma enhanced chemical vapor deposition (MPECVD; 2.45 GHz
Seki Astex 6400) system using CH4(1%)/H2 plasma withmicrowave power
of 1300 W, pressure 50 Torr and substrate temperature 500 °C. The doping
level was set to 10 k and 20 k ppm [B]/[C] consuming diborane precursor
during the growth process (attn. 1% and 2% of B in plasma). The filmswere
deposited at the mirror polished Ta 〈100〉 substrates and detail deposition
procedure is given in our earlier report [40,41]. The undoped
nanodiamond seeds were used during Ta pre-treatment. The density of
seeding was limited to minimize the contribution of the undoped seeds to
the interfacial resistance as reported by group of Hantschel et al. [42].

The growth timewas set to 180min and 100min for 10 k and 20 k ppm
[B]/[C] nanosheets respectively, producing films of comparable thickness
of ca. 350 nm.

Subsequently, the boron-doped diamond foils were self-peeled off from
Ta substrate and floated over the surface of DI water [43]. The process and
sides of diamond foil were illustrated in Fig. 1. Next, the diamond foil was
fish out by polydimethylsiloxane (PDMS) sheet to fabricate nanosheet-
polymer sample with approx. diamond diameter of 5 mm. The resistivity
of samples was measured on the both sides of diamond nanosheets at
room temperature by a four-point probe with an interprobe spacing of
s = 1.6 mm and needle probes with a 10 μm diameter. The four-point
probe was connected to the source meter (Keithley 2400, UK). Sheet resis-
tivity was calculated according to the formula (1):

Rs Ω∙cmð Þ ¼ 4; 532∙
V
I
∙t; ð1Þ
Fig. 1. Isolation and transfer of boron-doped diam
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where t is thickness (cm),V is voltagemeasured at the internal probes, and I
is the current applied to the external probes.

The Raman spectra of diamond foils were recorded using micro Raman
spectrometer (InVia, Renishaw, UK) equipped with 514 nmAr+ laser as an
excitation source and 100× objective. Spectra were recorded in a range of
100–3200 cm−1 on the top side of diamondfilm (Top Surface) aswell as on
the reverse side of diamond layer delaminated from the metal substrate
(Bottom Side).

The morphologies of free standing boron-doped diamond foils were
inspected using scanning electron microscope FEI Quenta FEG 250 with
10 kV beam accelerating voltage and SE-ETD detector (secondary electron
– Everhart-Thornley detector) working in high vacuum mode (pressure
0.1mPa).We have analyzed the 2d areas of separated crystals usingmanual
mode of outlining shapes in the SEM image. Analysis and visualization of
the data was performed by Fiji software (Windows 64-bit portable version)
[44].

2.2. Cyclic voltammetry setup

Electrochemical measurements were carried out on a potentiostat
AutoLab PGStat 128 N (Metrohm) with conventional three-electrode con-
figuration at room temperature. All potentials during experiments were
measured versus the Ag/AgCl electrode. The PDMS with ultra-thin boron-
doped diamond nanosheet was used as a working electrode and platinum
wire as a counter electrode. The area of the working surface was ca.
0.2 cm2 (disk diameter: 5.0 mm) and was not treated electrochemically be-
fore measurements. The direct contact was made to the electrode by press-
ing sheet of aluminum foil at the studied surface. Potassium ferrocyanide
(K4Fe(CN)6) was chosen as a reference redox probe system at concentration
5 mM in 0.5 M Na2SO4. The optimized conditions for cyclic voltammetry:
the potential ranging from ca. -0.3 to 0.8 V and scan rate 10–100 mV/s
without resistance compensation. The boron-doped diamond nanosheets
was also studied in solution containing Ru(NH3)63+/2+ used as outer
redox species. All measurements were obtained in 5 mM of Ru(NH3)63+/2

+ dissolved in 0.5 M Na2SO4 solution performing different scan rates
from 10 V/s to 100 V/s.

3. Results and discussion

3.1. Morphology of boron-doped diamond nanosheet electrodes

Scanning electron microscopy is a great tool for analyzing the morphol-
ogy of the crystallites. Even, at the early stage of the CVD, this method was
used to study effect of temperature, pressure and level of doping on the size
of the diamond. The photos of the top surface and bottom side of the dia-
mond foils with different B/C ratio registered using SEM were presented
in Fig. 2.

The nanocrystals from the bottom side are flat in contrast to the crystal-
lites, which are present on the top surface. It is caused by the direct contact
of the bottom side with the tantalum. The black spots presented in the mi-
croimages results from interfacial defects like amorphous or graphitic car-
bon forms grown during nucleation phase.

The effect of boron doping on the crystal area of the diamondwas inves-
tigated. The results were listed in Table 1.
ond nanosheets to PDMS polymer substrates.

http://mostwiedzy.pl


Fig. 2.Themorphology of thin free – standing boron doped diamond nanosheets in the function of the boron doping: (A) [B]/[C] 10 k ppm, top surface; (B) [B]/[C] 20 k ppm,
top surface; (C) [B]/[C] 10 k ppm, bottom side; (D) [B]/[C] 20 k ppm, bottom side.
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 Higher B/C ratio in the chamber during chemical vapor deposition pro-
cess causes smaller grain area. Top surface sample with doping level 10 k
has 25% crystallites, which area is >0.06 μm2. For 20 k, top surface sample
we achieved 20% grains, which size is higher than 0.06 μm2. The differ-
ences between grain area of top surface and bottom side are caused that
the backside has more non-diamond carbon phases and the boron incorpo-
rates into the diamond structure after certain time.

3.2. Molecular structure of BDD nanosheet investigated by Raman spectroscopy

Morphologic data are confirmed Raman spectroscopy (RS) that is an im-
portant nondestructive analytical tool to gather information about molecu-
lar and crystal lattice vibrations. It is used to characterize carbon-based
materials since it is sensitive to different types of carbon–carbon bonding,
polymorphism, and is capable of monitoring changes in Raman bands
Table 1
Grain area of ultra – thin free – standing boron doped diamond nanosheets.

Grain area (GA)
μm2

[B]/[C]
= 10,000 ppm

[B]/[C]
= 20,000 ppm

Top Bottom Top Bottom

GA < 0.02 12.5% 17.7% 16% 12.2%
0.02 < GA < 0.06 62.5% 76.4% 64% 78.8%
0.06 < GA < 0.1 19% 5.9% 16% 6%
0.1 < GA < 0.14 6% 0% 4% 3%

3

when the size of the crystals is decreased to nanoscale and for boron-
doped diamond films. Fig. 3 shows the Raman spectra of two of the heavily
boron-doped diamond nanosheet samples ([B]/[C] 10 k ppm, and [B]/[C]
20 k ppm) top and bottom sides. They both show characteristic first-order
diamond (sp3C phase) band (D), which is redshifted by a fewwavenumbers
~1291 cm−1–1327 cm−1 (ca. 1332 cm−1 characteristic of single crystal di-
amond) albeit relatively broad ГFWHM = 11.4 cm−1 (ca. 1.1 cm−1) and
asymmetric with Fano line shape.

However, the shift in the diamond (D) peak is in the opposite direction
to those assigned typically due to phonon confinement [45,46]. The wide
asymmetric band with maximum near 500 cm−1 (B1) accompanied with
smaller one near 1210 cm−1 (B2) originate from the boron defects and
it's appearance can be observed for the boron doping level ≥10 k ppm.
The band B2 overlap with the diamond band (D) centered in the range of
wavenumbers form 1290 to 1327 cm−1 depending of the boron doping
level. The intensity of band (B2) grows with respect to diamond band
(D) that is indicative of substitution of boron for carbon atoms. Due to the
Fano effect and shift of the Raman peaks caused by high boron doping
the D band at 1350 cm−1 cannot be distinguished in 20 k sample. Addition-
ally, the broad band ranged between 1450 and 1550 cm−1 assigned to non-
diamond region and a mix of bending and stretching modes of various CC,
CH, and CO containing surface functionalities.

As shown in Table 2 clear differences in band positions can be observed
for samples with the B/C ratio at the level of 10 k ppm and 20 k ppm. As
reported by other authors the position of B1, B2 and D bands move to the
smaller wavenumbers with the increase of the boron doping level and the
linear dependence of the of B/C ratio and band position can be observed
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Fig. 3. Raman spectra recorded for top surface and bottom side of boron-doped
diamond nanosheet samples: [B]/[C] 10 k ppm, and [B]/[C] 20 k ppm.

Table 3
Electronic parameters of the diamond nanosheet.

Sample Resistance (Ω) Resistivity (mΩ∙cm)

10 k Bottom 15.5 k 2460
10 k Top 4034 640
20 k Bottom 273 43
20 k Top 165 26
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[47]. The use of relationship [47] between boron level measured by SIMS
and B1 and B2Raman band positions allows for estimation of boron dopant
concentrations. The average boron concentration was 1.60·1021 cm−3 and
2.67·1021 cm−3 for 10 k ppmand 20 k ppmof top side of nanosheets respec-
tively. It is worth noting that the boron concentration estimated at the bot-
tom side of the film is lower and reaches 1·1021 cm−3 and 2.06·1021 cm−3

for 10 k ppm and 20 k ppm correspondingly. The difference in boron con-
centration observed for the same diamond nanosheet achieved at the top
and bottom side is also confirmed by the SEM observation and is mainly at-
tributed to the boron doping suppression in the first stage of diamond
growth.
3.3. Cyclic voltammetry investigation: Redox mediator influence

The electrochemical performance of boron-doped diamond nanosheets
transferred to PDMS, namely 10 k and 20 k was particularly studied. The
surface resistivity of sample was first examined by means of 4-point
probe. The resistivity of the top surface (10k) showed a value of 640
mΩ∙cm, while the back side reached 2.46 Ω∙cm. Correspondingly, the
20 k sample results in 43 mΩ∙cm (top surface) and 26 mΩ∙cm (bottom
side). Results are summarized in Table 3.
Table 2
Position ofω (B1),ω (B2) andω (B3) Raman bands assigned for top surface and bot-
tom side of two membrane samples with [B]/[C] 10 k ppm, and [B]/[C] 20 k ppm.

Sample ω (B1)/cm−1 ω (B2)/cm−1 ω (D)/cm−1

10 k Bottom 503.2 1215 1327
10 k Top 495.3 1210 1315
20 k Bottom 487.6 1207 1303
20 k Top 479.3 1202 1291

4

The differences in the conductivity of both surfaces reveals fact that the
undoped seeds and boron suppression plays an important role during the
initial stage of CVD growth. Since the top surface and the back side of
these nanosheets present various structures and conductivity, as revealed
by SEM micrographs and 4 point probe measurements, both of these sur-
faces were investigated electrochemically separately for comparison
purposes.

Fig. S1 (Supplementary Information) shows the cyclic voltammograms
of studied boron-doped diamond nanosheets obtained in 0.5 M Na2SO4 es-
timated from −1.5 to 1.5 V for bottom and top surface for 10 k and 20 k
respectively. The range of potential windows recorded for top surfaces
are significantly shorter than for the obtained for the bottom surfaces.
The shape of cyclic voltammograms can suggest that 20 k boron-doped di-
amond nanosheets measured at top surface can contain some sp2 impurities
[48]. The capacitance of boron-doped diamond nanosheets were calculated
according to the procedure described by Śmietana et al. [49] are listed in
Table S1 (Supplementary Information). The capacitance for 20 k measured
at bottom side is ca. 10 time higher than capacitance for 10 k boron-doped
diamond nanosheets, measured at bottom side, while the value of capaci-
tance was determined for 20 k boron-doped diamond nanosheetsmeasured
at top surface is almost 2.2 times higher than capacitance obtained for 10 k
top sides.

Chronovoltammetry (CV) studies were carried out in 0.5 M Na2SO4

electrolyte containing 5 mM K4Fe(CN)6 redox couple, the polarization
range was −0.3 to 0.8 V vs. Ag|AgCl. These measurements were repeated
at different scan rates in the range of 10–500 mV/s (see Fig. 4). The [Fe
(CN)6]-3/−4- was chosen as an efficient and main redox system to evaluate
boron-doped diamond nanosheets electrochemical activity and character-
ize surface. Nevertheless, the preliminary EC studies in Ru(NH3)63+/2+ re-
vealed peak-to-peak separations ΔE = 125 mV (see Fig. S2 in
Supplementary Information) similar to typical reversible electrochemical
processes, while the [Fe(CN)6]-3/−4-redox system results here in the signif-
icant variability in function of the scan rate.

The Faradaic reaction was observed for each investigated sample in the
presence of the redox-active species and within determined potential win-
dow. The results at the top surface and bottom side of BDD nanosheet elec-
trodes reveal significant differences in kinetics of the charge transfer
process between variousmaterials. These are a result of differences in struc-
tural properties of boron-doped diamond nanosheets. The electrochemical
results are summarized in Table 4.

Among all tested materials, the lowest peak-to-peak separation value
was found for the top surface of 20 k nanosheets and was equal to 73 mV
at 10 mV/s scan rate. This value is only slightly higher than what is ex-
pected for a Nernstian one-electrode reaction and indicate the reversibility
of the electrochemical process and low level of surface coverage by contam-
ination species. The electrodes with lower dopant concentration did not
show as high reversibility, regardless of analyzed nanosheet side. However,
for electrochemically reversible processes, the half-peak potential Ep/2 of
the forward scan should be 56.5 mV [51]. In our study it was slightly
higher, but did not exceeded 70mV for 20 k and 78mV for 10 k nanosheets,
respectively. It should be noted that the peak current ratio Ired/Iox is similar
to 1, what is also expected from reversible systems. To summarize, all the
electrodes possess close-to-reversible, quasi-reversible character, while
20 k top side electrode is to highest extent diffusion controlled. Following
results support the theory that that reaction plane of these electrodes reveal
overall lower activity. There are multiple factors affecting the charge trans-
fer kinetics of BDD electrodes: doping concentration [52], crystalline size

http://mostwiedzy.pl


Fig. 4. Cyclic voltammograms of 5 mM Fe(CN)63−/4- redox system in 0.5 M Na2SO4 on the boron-doped diamond nanosheet electrodes at different scan rates in the range of
10–100 mV/s for (A) bottom side of 10 k, (B) top surface of 10 k, (C) bottom side of 20 k, (D) top surface of 20 k nanosheet. Insets: anodic and cathodic peak currents versus
square root of scan rates.
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due to uneven conductivity at grain boundaries [53], crystallographic ori-
entation [54], type of termination [55,56] etc. The micron and sub-
micron size of these features should result to heavily overlapping diffusion
fields, while the broadening of the CV peaks, in particular for the bottom
side of 10 k and 20 k electrodesmight suggest existence of partially blocked
electrode mechanics, limited by adsorbed contamination species [57,58].
The following hypothesis is confirmedwith Raman results, showing surface
functionalities assigned to non-diamond features in 1450–1550 cm−1

range.
Furthermore, CV peaks observable at the top surface of 10 k BDD nano-

sheet electrodes reveal anodic peak broadening, suggesting existence of a
more complex electron charge transfer by Fe(CN)64− species. Similar behav-
ior was not observed for 20 k samples.
Table 4
Summary of voltammetric data: formal redox potential Ef (Ef = (Eox + Ered)/2),
peak potential separation ΔE, half-peak potential Ep/2 and standard reaction rate
constant k0. k0 was estimated for investigated electrodes with approach proposed
by Holze [50]. Electrolyte: 5 mM K4Fe(CN)6 in 0.5 M Na2SO4 solution, scan rate
10 mV/s.

Redox system Doping Side Ef/mV ΔE / mV Ep/2/mV k0/×10−1 cm/s

Fe(CN)63−/4- 10 k Top surface 143 144 78 0.246
Bottom side 244 149 77 0.229

20 k Top surface 187 73 61 2.509
Bottom side 254 98 70 1.571

5

Formal redox potential Ef for Fe(CN)63−/4- process, obtained for 20 k top
surface nanosheet electrode was equal to +187 mV vs Ag|AgCl, while for
all the remaining electrodes shown similar values, ranging from 244 to
265 mV. The possible explanation for different behavior between these
electrodes is due to higher reversibility of 20 k top surface electrode,
since the value of formal standard potential for quasi-reversible processes
depends on equilibrium constant k0 and symmetry factor α [51].

The standard reaction rate constant k0 was estimated for each investi-
gated electrode process using peak potential separation ΔE, through ap-
proximation coefficient Y [50]. The rate constant can be obtained from Y
by means of Eq. (2). Following approach is well suited for quasi-
reversible and nonreversible processes.

Y ¼ Dox

Dred

� �α=2

� k0
ffiffiffiffiffiffiffi
RT

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nFvDox

p ð2Þ

where: R, T, n, F have their usual meaning, Dox and Dred are diffusion coef-
ficient of ferri- and ferrocyanides and equal to 0.738 × 10−6 cm2/s and
0.726 × 10−6 cm2/s, respectively [59], α = 0.5 is symmetry factor and
v is scan rate in V/s.

The results are summarized in Table 3. It is clearly visible that the 20 k
electrode possesses one order of magnitude higher values of standard rate
constant, allowing them to achieve equilibrium state much faster and
supporting previous evidence overall lower electrochemical activity of the
10 k electrodes' reaction plane. Higher peak currents are promoted on the
top surface of investigated nanosheet electrodes, suggesting lower charge
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transfer resistance of Fe(CN)63−/4- oxidation/reduction or larger reaction
plane.

An increase in sweeping rate promotes growth of current peak intensity
in both cathodic and anodic reactions and revealing a linear dependence
with the square root of the scan rate passing through zero. This can be
seen in the inset of Fig. 4. The relationship ip = f(v1/2) for quasi-
reversible electrodes was described by Nicholson and Shain as a derivative
of the Randles-Sevcik reversible theory [60]. The estimated electrochemi-
cal active surface appears to be always higher on the top surface rather
than bottom side of the electrode. This phenomenon indicates that increas-
ing boron doping density leads to formation of different crystal structure,
which influences significant changes in the electron transfer process.

4. Conclusions

We have proposed a novel approach to obtain thin BDD foils, grown
on Ta substrate and easily transferred to PDMS substrate. The [B]/[C]
ratio of 10 k and 20 k ppm, characteristic for heavy boron-doped dia-
mond films was confirmed using Raman spectroscopy. SEM micro-
graphs reveal structural differences between top surface and bottom
side of the BDD foil, regardless of the studied boron concentration.
The bottom side was flat as a result of direct contact with tantalum,
characterized by more deformed structure and smaller grain size, as ex-
pected. The differentiation between top and bottom side of the foil
translates to modified physic-chemical and electrochemical behavior
of studied electrodes.

The electrochemical activity significantly depends on boron incor-
poration, increasing with increased boron dopant density. The highest
level of reversibility of the electrochemical process and the highest
value of equilibrium constant k0 was recorded at the top surface of
20 k ppm [B]/[C] BDD foil. At the same time, the kinetics of the Fara-
daic process is hindered at the bottom side of the electrodes. The bottom
sides of the foils are characterized with lower reaction rate constants
supporting their partial blockade. Results of voltammetry studies con-
firmed that overlapping of factors arising from surface functionalities,
boron doping level, crystallite size and grain boundaries affect the elec-
tron transfer kinetics on surface of BDD foil. This significant observation
highlights the importance of nanoscale size structure in functionality of
boron-doped diamond nanosheets.
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