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ABSTRACT. In this study we have demonstrated the fabrication of novel material called
boron-doped carbon nanowalls (B:CNW) which is characterized by remarkable electrochemical
properties like high standard rate constant k°, low peak to peak separation value (AE) for
oxidation and reduction processes of [Fe(CN)s]*/* redox system and low surface resistivity.
The B:CNW samples were deposited by the microwave plasma assisted chemical vapor
deposition (CVD) using a gas mixture of Hz:CHa4:B2Hs and N2. Growth results in sharp edge,
flat and long carbon nanowalls rich in sp? as well as sp® hybridized phases. The achieved high
values of k° = 1.1x102 cm/s and AE as 85 mV are much lower in comparison to the glassy
carbon or undoped carbon nanowalls. The enhanced electrochemical performance of B:CNWSs
electrode applied for the simultaneous detection of DNA purine bases: adenine and guanine.
Both separated oxidation peaks for independent determination of guanine and adenine were
observed by means of cyclic voltammetry or differential pulse voltammetry. It is worth noting
that determined sensitivities and current densities were about one order of magnitude higher

than those registered by other electrodes.

1. Introduction

Nowadays, carbon-based materials have a great interest for the scientific and industry
community, especially in the sensors, biosensors and electronics areal. The most common
carbon nanostructures are carbon nanotubes?, diamond films® and graphene*. On the other hand,
there are carbon nanoflakes®, nanosheets®, and carbon nanowalls (CNW).” Typically, carbon
nanowalls can be described as planar graphene sheets grown vertically to the substrate. Wu et

al.” reported the fabrication of CNW on catalyzed substrates using microwave plasma assisted
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CVD. Hiramatsu et al.? fabricated vertically aligned CNW using coupled radio-frequency and
plasma-enhanced CVD. The carbon nanowall sample used for the electrochemical
measurement are fabricated using C,Fs/H2 or CHa/H. gas sources®, respectively. Recently, Zhu
et al. reported B/N-doped carbon nanotube/carbon nanosheets hybrids as the high performance
supercapacitor electrode and lithium ion battery anode®. To date, only Lu et al. have studied
catalyst-free vertically aligned boron doped carbon nanowalls but as a potential electron
emitting material*. However, literature shows only typical CNW exposing semicircular or
cauliflower shaped nanoflake morphology*?.

In this study, we have demonstrated for the first time the fabrication of novel material called
boron-doped carbon nanowalls (B:CNW) which is characterized by remarkable electrochemical
properties like high standard rate constant k°, low peak to peak separation value (AE) for the
oxidation and reduction processes of [Fe(CN)s]*"* redox system and ultra-low charge transfer
resistivity. Boron doping of carbon nanowalls induces the unique effect of enhanced
electrochemical performance and improved charge transfer never reported before in literature.
Furthermore, a similar boron doping effect could be achieved potentially in other nanowalls
materials fabricated by electrodeposition?3, sputtering or RF plasma CVD?.

The B:CNW samples were deposited by the microwave plasma assisted CVD using a gas
mixture consisting of Ho, CH4, B2Hs and N2. Growth results in sharp edged, flat and long carbon
nanowalls rich in sp? as well as sp® hybridized phases. That novel electrode material results in
competitive electrochemical properties when compared with glassy carbon (GC) or previously
reported undoped nanowalls'* or is comparable to that found for functionalized CNW.* The
detailed properties of B:CNW were delivered using X-ray photoelectron spectroscopy, SEM
analysis, Raman spectroscopy and different electrochemical techniques.

Moreover, the simultaneous determination of guanine (G) and adenine (A) or their ratio in

DNA was delivered as an example of very important analytical medium*®. The detection and
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quantification of DNA is usually based on electrochemical activity of adenine and guanine. The
electrooxidation of adenine and guanine on the bare conventional electrode surfaces give many
difficulties due to slow electron transfer kinetics, high positive oxidation potentials often
interfered by oxygen evolution, adsorption resulting in the formation of passivation layer as
well as large background currents!’. Due to this fact, many modifications of the electrode have
successfully been developed for the detection of DNA bases. The graphene'®, graphene-Nafion
composite film modified glassy carbon electrode was used for simultaneous determination of
adenine and guanine'®. The differential pulse voltammetry (DPV) and cyclic voltammetry (CV)
were successfully utilized to study the oxidation process of DNA purine bases: adenine and

guanine in one solution at physiological pH at the bare, unmodified B:CNW electrode.

2. Results and Discussion
2.1. Morphology and structure of B:CNWs

High resolution scanning microscopy was applied for investigation of surface morphology
of B:CNW, e.g. length distribution and height. As it can be seen in Figure 1A, the B:CNW can
be graded in three major groups depending on wall length. The distribution of nanowalls length
is 65%, 25% and 10% for walls longer than 1, 2 and 3 um, respectively. Previous reports show
just short and maze-like CNW’2°. Furthermore, Figure 1B shows surface profile and the dark
blue and orange colors correspond to bottom (substrate) and top edges of B:CNW, respectively.
The specific agglomerates of carbon clusters cover the sides of flat carbon walls (attn. marked
in Figure 1B in cyan color). Moreover, growth of these clusters can be explained by forming
nanocrystalline or ultrananocrystalline diamond structures?* which can be responsible for
enhanced charge transfer. The dense polycrystalline structure of B:CNW could facilitate the

intercalation of ions into the nanowalls??, while the short diffusional distance in and out leads
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to EDLC devices with higher rates of charge and discharge as revealed similarly in MoS,?% or
NiO?* nanosheets.

The height of B:CNW is equal to 3.3 um after the 6 h deposition process (Figure 1C) with
carbon clusters of up to half the height of B:CNW which can be observed in the cross-section
or 3D reconstruction (see Figure 1CD). Hence, it is clearly seen that the top edges of the wall
are sharp.

The carbon nanowall growth mechanism involves joint chemistry of many species, not only
limited to CN", H/CNHy, BHx and CH"x radicals. The H/CNHyare one of the main products of
reactions involving H/C/N compounds in plasma. HyCNHy species undergo further dissociation
to CN™ or CNH" by thermal decomposition at the heated substrate stage participating in fast H-
shifting reactions. The simple molecular geometry and higher electron—ion recombination rates
of HyCNHyx species could be responsible for the directional growth of carbon nanowalls.

First, the nanodiamond seeds support efficient diamond nucleation, preferring sp® rich structure
growth. The proposed growth mechanism of novel boron-doped nanowalls is as follows: (i)
adsorption of a CN" radicals with its carbon end down due to the lowest bond energy 389 eV;
(ii) reactive H radicals lead to a breaking of the weaker bonds creating dangling carbon
bonding®, (iii) attachment of a CHx radicals or C, dimers to the CN- and independently to the
other dangling bonds at the surface; (iv) parallel attachment of BHx radicals which are
responsible for enhanced electrochemical performance and developed morphology; (V)
bridging of these adsorbates; (vi) replacing carbon and CN-radicals with CHx or BHy radicals?®,
because they are located at the grain boundaries or the top edges of nanowalls. Nitrogen shows
just minor concentration in the samples as revealed by XPS (0.4% for 5% N in the plasma).
The very recent study?’ of diamond growth in the H/C/H shows that the N-containing
species can be considered as potentially reactive at the growing diamond surface, while these

N-induced effects are not the one factor in a multiparameter growth mechanism, so that the
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result of adding N2 to the process mixture also depends on the substrate condition and its
temperature during growth. To summarize, the basic understanding of nanowall growth has still
not been revealed and needs more investigation. The chance for that gives wide pseudo-
potential, density functional theory (DFT) studies.

The previously reported carbon nanowalls, nanosheets or nano-needles growth were
attributed only to CN molecules?®. The films’ morphology, shown in the SEM microimages
(see Figure 1), implies that the nano-diamond grows anisotropically in the N2/CH4 plasma.
Next, Sankaran et al.?° reported that the growth rates along the longitudinal and circumferential
directions vary considerably from the needle-like ultrananocrystalline diamond films grown in
in-plane temperatures higher that 700°C that lead to acicular grains.

In that study, the authors suggest that for developed morphology and large size of nanowalls
mainly BHx radicals are responsible. The initial growth of the vertically aligned nanowalls is
driven by CN molecules, which favors the formation of edge-N species most rather than the
graphitic/quaternary N formation®. This fact causes the slow growth rates along the strongly
bonded planes of expanding carbon sheets and fast ones along the weakly bonded stacking
direction containing CN structures. Next, BHx replaces part of CN molecules at the edges [e.g.
(100)] and additionally causes re-nucleation expanding length of nanowalls as already reported

for diamond structure®,
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Figure 1. Top-view HR-SEM images of B:CNW: (A) nanowalls length distribution, (B) top-
view at higher magnification with corresponding nanowalls pattern, (C) Cross-sectional micro-

image, and (D) 3D reconstruction of surface morphology.

Raman spectra of the B:CNW film were collected at two different spots on the sample and
respective microscopic images are shown in Figure 2. Two main bands at about 1341-
1344 cm™ and 1583-1587 cm™ are assigned to D band and G band respectively 2. The Raman
peaks of “D” and “G” bands show relatively narrow FWHMs of 129 cm™ and 62 cm
respectively. Those values indicate the crystalline character of nanowalls since they are
comparable with highly oriented multiwalled carbon nanotubes®? or doubled when compared
with undoped carbon nanowalls®3. Moreover, there are two other weak bands in this region. The
first one at about 1100-1200 cm™* can be assigned to sp® nanocrystalline carbon (T band), while
the wider bands: the D band and G band have numerous assignments, e.g. C=C chains (similar
to polyacetylene). Estimated 1(D)/I(G) ratio was equal to 3.17, while sp®/sp? ratio is 0.67.
Comparable values were obtained for hydrogenated CVD graphene films 3 or in defected

graphene with average distance between defects of tens of nanometers®>.
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Figure 2. Raman spectra and microscopic images of B:CNW sample collected in two places

on the sample (A). Decomposition of the Raman spectra (B).

Furthermore, the band at 2680 cm™ is a 2D band, while the band at 2890 cm™ can be assigned
to C-H stretching vibration. Presence of T band as well as D and G bands confirms that the
films contain both C-C sp® and C-C sp? phase. The achieved results are in agreement with XPS
revealed composition. High hydrogenation of B:CNW is supported by pronounced 2890 cm*
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Raman band. Normalized Raman spectra recorded in various spot at the B:CNW are similar
with each other. It suggests that the deposited films have homogenous molecular composition
and that type of defect refers rather to the various thickness of the structure.

The XPS study of investigated B:CNW is presented in the Figure 3. Four components were
used during deconvolution of high-resolution XPS spectra acquired in the energy range of C1s.
Most notable components are located at binding energy (BE) of 285.1 eV and 284.4 eV and
correspond to C-C sp® and C-C sp?, respectively. The third component is a complex peak
located at 286.7 eV. It should be connected to both C-O and C=N bonds, which are overlapping
each other hindering more detailed analysis. Its shift is in good agreement with other, similar
studies®®. The last peak of C1s deconvolution is positioned at 283.1 eV. This peak has been
attributed to the presence of distorted diamond related to the vacancies of hydrogen atoms close
to boron atoms. Amongst others, this effect was considered as a consequence of electrode aging
under the deep anodic overpotential treatment®’. Other explanations should also be considered
as allocation of this XPS feature is difficult to determine in such a complex system. J.T. Titantah
and D. Lamoen3® investigated amorphous carbon nitride system and drew a conclusion that it
may result from two-coordinated carbon atoms in the system while Z.M. Ren et al. recognized
it to reflect the existence of nanocrystallites of graphite3?. The sp®/sp? ratio of 0.34 computed
form during XPS analysis corroborate with similar measurement done by Raman spectroscopy
(0.67), while the difference comes mainly from various depth penetration of both methods. Two
peaks contributed during deconvolution of O1s spectra. The main component at 533.0 eV
represents C-OC and C-OH while the secondary component, located at 531.6 eV is often
ascribed to -OH radicals and C=0 bonds. B1s spectrum shows only one component, located at
BE of 187.6 eVV“°. Its share in the investigated sample is around 1.3%, as to be expected. Unlike

boron, it should be noted that nitrogen is very weakly incorporated into the structure of
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nanowalls. Contribution of N1s in the analyzed sample is 0.4% despite the fact that in the gas
phase there was 180k ppm [N]/[C] ratio. The low incorporation of nitrogen can be explained

by intensive nitrogen removal from surface during growth process by ionized hydrogen

species?A4L,
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Figure 3. XPS survey (A), atomic composition analysis (B), high-resolution XPS spectra (C)
in energy range of C1s, O1s, N1sand B1s, acquired for B:CNW samples with peaks used during

deconvolution and chemical analysis.

2.2. Electrochemical performance of carbon nanowalls

The electrochemical performance of B:CNW and reference samples: CNW and GC has been
firstly investigated by cyclic voltammetry measurements in a neutral aqueous solution of
0.5 M K2S0O4. As it is shown in Figure 4, from -1.7 V up to +1.2 V vs. Ag/AgCI/3 M KClI, a
B:CNW sample exhibit only capacitive behavior resulting from the charge of electrochemical
double-layer on the contrary to CNW, where the irreversible oxidation (+0.83 V) and reduction

peaks (-0.50 V) significantly narrows the electrochemical potential window. Above this range,
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the current increases which is related with decomposition of electrolyte. This range is similar
to those observed for glassy carbon electrode, but B:CNW material exhibit higher values of
current density related with double layer capacitance that will be later on studied by EIS
technique. The B:CNT activity is analogous to that reported for high-quality boron-doped
diamond films®®, but simultaneously it is much higher comparing to CNW synthesized by
Hassan et al.*? and Kriventko et al.?°. Importantly, within the determined potential window no
Faradaic reaction was observed as it was found for other CNW materials contaminated by

surface redox active species®.

054 ——GC

-1.0 - 0.1

1.0 0.5 0.0 0.5 1.0
20 -15 1.0 -0.5 0.0 0.5 1.0 1.5
E/V vs. Ag/AgCl/3 M KCI

Figure 4. The cyclic voltammetry curves registered for GC, CNW and B:CNW samples in 0.5

M K2SO4 (v =50 mVs™).

Afterwards, all samples were transferred into the KsFe(CN)e solution and the clear anodic
and cathodic peaks assigned to the oxidation and reduction processes of [Fe(CN)s]*’* redox

system, respectively were observed (see Figure 5).
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Figure 5. The cyclic voltammetry curves registered for in (A) GC, (B) CNW, (C) B:CNW
electrodes immersed in 5 mM KzFe(CN)s + 0.5 M K2SOa4. (D) Plot of peak current density vs.

scan rate obtained on the basis of (A-C) CV sets.

Table 1. The values of oxidation (Eox) and reduction potentials (Ered) of [Fe(CN)s]*>"* redox

reaction together with the separation peak value (AE).

SAMPLE Eox / MV Erep / MV AE / MV
B:CNW 231 146 85
CNW 304 69 235
GC 250 125 125

Among all tested materials, the lowest peak to peak separation value was found for B:CNW
and equals 85 mV that is higher only by 26 mV comparing to 59 mV known as an expected
value for a Nernstian one-electron reaction (see Table 1). As it will be shown later on,

12
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electrolyte resistance is very low, small AE value indicates good attachment of B:CNW to the
silicon substrate, may result from a high level of surface cleanliness and low surface oxide
coverage. Thus, slight peak splitting allows us to describe synthesized B:CNW as material
possessing desirable surface structure and electronic properties that support rapid electron
transfer for ferricyanide/ferrocyanide redox system. According to CV curves observed in
Figure 5, an increase in sweeping rate promotes growth of current peak intensity in cathodic
and anodic reaction, as well. For [Fe(CN)s]*"* system, the linear dependence of cathodic j. and
anodic jc current density peaks on the square root of the scan rate passing through zero is
observed (see Figure 5D).

The symmetry of anodic and cathodic relation indicates that the electron transfer is nearly
reversible?® and the surface of all tested electrode materials is under diffusion-control as it was
also exhibited by the relation between the logarithm of anodic and cathodic peak current
densities versus the logarithm of the scan rate (see Figure S2). The slopes values equal to ca.
0.44 which is near the theoretical value of 0.5 for a purely diffusion controlled process*. Thus,
the reaction rate depends only on the supply of redox active species to the electrode surface that
is determined by Fick’s law. Similar behavior is found for other carbon-like electrode materials,
such as graphene, BDD or highly oriented carbon nanowalls.2%#546 According to the Randles-
Sevcik, equation describing relation between peak current and the VY% I, =
(2.69x105AcrDY2n32C)v*2 and on the assumption that the diffusion to the electrode is one-
dimensional, an approximate value of electroactive surface area Aer could be estimated®’.
Because both peaks currents are proportional to the square root of the scan rate and D*, n and
C could be regarded as a constant parameters, the effective surface area was found to be equal
to 0.45 cm?, 0.33 cm? and 0.06 cm? for B:CNW, CNW and GC, respectively. Thus, Aes for
B:CNW is almost 3.6 times higher comparing to the geometric electrode area that provided a

conclusive evidence of the 3D-porous structure of investigated electrode®® (see Figure 1D). It
13
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indicates also that not only surface edges but also side nanowalls planes of the sample could
have impact on electrochemical processes and such material can be employed as an
ultrasensitive electrode due to its large active surface area®.

In order to quantify the electronic and ionic conductivities, as well as the diffusive behavior,
electrochemical impedance spectroscopy data (EIS) were collected in the range from 20 kHz
down to 0.1 Hz. The Nyquist representations of impedance spectra obtained at the formal
potential of redox reaction for B:CNW and other electrodes: pure CNW, GC for comparison

are shown in Figure 6.

o GC-exp

x GC-fit

o CNW-exp

x  CNW-fit

© B:CNW-exp
x B:CNW-fit

0 20 40 60 80 100 120 140 160
Z'/ Qcm’

Figure 6. The impedance spectra registered (exp) and fitted (fit) for B:CNW, CNW and GC

electrode immersed in 5 mM KsFe(CN)s + 0.5 M K>SOs, at the formal potential of redox

reaction.

In general, EIS spectra are composed of two parts: high frequency arc and low-frequency
straight line with 45° slope. Registered spectra were analyzed on the basis of electric equivalent
circuit (EEQC) known in literature as Randles circuit: Re(CPERW)°152, The fitting procedure
gives normalized fitting errors on the level of 4x107°. The ohmic resistance R, element in the

high frequency regime represents electrolyte resistance and for all materials equals c.a. 1.1
14
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Q cm?. The Zw element that is in the range of 48.9 - 55.9 Q s, called Warburg impedance,
describes mass transport impedance and is assigned to the diffusion of charged species from
the bulk of electrolyte to the interface and through the interface layer. The values of remaining

elements: R, Q parameter of CPE, and W are collected in Table 2.

Table 2. The value of charge transfer resistance and space charge capacitance obtained on the

basis of fitting procedure.

Element B:CNW CNW GC
Ret/Qcm? | 4.7 14.1 53.3
Q/Qlcm?2s" | 1.6 x 10 2.9 x10° 9.9 x 10°®
W/Qs0s | 49.9 49.5 55.9

The R¢ arising in the high frequency regime represents charge transfer resistance
whereas CPE is assigned to the double layer capacitance. According to Table 2, the lowest
value of Rt is exhibited by B:CNW and simultaneously it differs significantly from other carbon
based electrode materials: the nitrogen modified diamond nanowire electrode (322 kQ cm?)>?,
sample of boron doped diamond pretreated in sulphuric acid (210-240 Q)*3, reduced BDD
pretreated in acetate buffer or sulphuric acid (2.7 kQ cm?)®*. Such small resistance at the
interface between electrode surface and electrolyte proves fast electron transfer to the solution
redox species and indicates that electrode kinetics is extremely sensitive to both: the electrode
active surface and the boron content.

The CPE element is characterized by impedance Z = Q(iw)™, where « angular
frequency, Q is CPE parameter and n is exponential, here in the range of 0.86 - 0.98). In this
particular case, a constant phase element fulfills its role because the electrode surface is not flat
but nanostructured, as it was presented in the SEM images and frequency dispersion arises®.

The capacitance value for B:CNW electrode material was found to be 1.6x10% Q! cm s" that

15
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is one order of magnitude higher comparing to that determined for CNW and GC (c.a. 10° &
Lem2s"). The increased double layer capacitance could be related with the high contribution
of sp? bonded carbon® proved by Raman spectroscopy and XPS measurement, enhanced
electroactive surface area Aerr and according to Granger et al.® may result also from some
surface charge involving surface species and higher internal charge carrier concentration
affected by boron doping.

Basing on the value of charge transfer resistance and taking into account the following
relation k°® = RT/n?F2ACR the standard rate constant could be determined®*. Knowing that R
is the molar gas constant (8.32 J mol'*K™), T is the electrolyte temperature (296 K), n is the
number of exchanged electrons (n = 1), F is the Faraday constant (96500 C), A is attributed to
the geometric electrode area (0.1256 cm?) and Cox = Cred = 5x10® mol cm™, the value of k°
equals 1.1x102 cm/s. This value is higher compared to the glassy carbon (9.9 x10* cm/s) or
non-doped CNW (3.7x10° cm/s) and could be assigned to the enhanced electrochemical
reactivity or as proposed by Krivenko et al.?°, may result from the different mechanism of redox
process performed at B:CNW surface comparing to other carbon electrode materials.
Nevertheless, it should be also taken into account that for the electrodes based on complex-
shape morphology, the constant rate of electron transfer could be only treated as estimated value.
Such caution should be considered because the conditions of redox reaction on such surfaces
are far from idealized assumptions that state as a basis for the mathematical models of cyclic

voltammetry.

2.3. Enhanced detection of guanine and adenine at bare B:CNWs
The “as-grown” B:CNW electrodes have been applied for the simultaneous detection of
DNA purine bases: adenine and guanine by means of cyclic voltammetry and differential pulse

voltammetry. The CV were obtained for a mixture of guanine and adenine in concentration
16
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decreasing from 0.5 mM to 0.5 uM in solution of 0.1 M phosphate buffer (pH 7.0), using an 8-
mm-diameter (0.5024 cm?) of boron-doped carbon nanowalls electrode (Figure 7A).

The PBS buffer was chosen as supporting electrolyte for several reasons: it is close to
the physiological pH, and the peaks of oxidation are separated® . The oxidation of guanine
and adenine results in the well-defined oxidation peaks at positive potentials of about +0.85 and
+1.17 V, respectively. The B:CNW electrode reactions are highly irreversible for both DNA
bases, similarly to the case of BDD electrode®’.

Next, Figure 7C shows the DPV curves recorded simultaneously for the mixture of
adenine and guanine in the range of concentrations extending from 0.5 mM to 0.5 uM diluted
in 0.1 M phosphate buffer (pH 7.0). Both purine bases show sharp separated peaks in DPV. The
peak at +0.73 V to +0.75 V is attributed to the oxidation of guanine, while +1.0 V to +1.08 V
maximum results from adenine®’. The mechanism of oxidation of both DNA purine bases is
described by5%3,

The both voltammetric experiments (CV and DPV) show that the oxidation current peak
intensity versus concentration of guanine (red squares) and adenine (blue circles) displays two
different linear responses: (1) at lower and (I1) and higher concentration range (see Figure 7B-
D). It is worth noting that recorded currents densities are up to one order of magnitude higher
than those registered by other reported electrode systems like bare BDD'’, modified graphene'®
or electrochemically pre-treated GC% (see Table 3 and 4), what is attributed to the enhanced

charge transfer in B:CNW material related with decreased double layer capacitance.

Table 3. The linear regression equations and determination coefficient (R?) of adenine (A) and
guanine (G) recorded by cyclic voltamperometry and differential pulse voltammetry.

Purine Linear regression equation R?
A (D Ipa (LA) = 1.7210 C + 35.4444 (uM) 0.935

17
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G (1) lpa (LA) = 2.4815 C + 13.5093 (uM) 0.925

CVv A (1) Ipa (LA) = 0.7762 C + 50.8841 (uM) 0.999
G (Il lpa (LA) = 0.4595 C + 47.5767 (uM) 0.992

A (1) lpa (1A) = 1.7548 C + 29.7157 (uM) 0.945

DPV G (I) lpa (WA) = 2.1140 C + 16.8594 (uM) 0.959
A (1) lpa (1A) = 0.1130 C + 40.9162 (uM) 0.966

G (Il lpa (1A) = 0.1097 C + 42.0832 (uM) 0.988

Table 3 lists the linear regression equations lpa and the correlation coefficients R? versus

specific conditions and concentration range. The lower ranges (I): (CV: 15 uM to 1 pM) and

(DPV: 8 uM - 0.5 uM) slopes are significantly greater than those estimated in the higher

concentration ranges (I1) (see Table 3 and Figure 7B-D). This phenomenon demonstrates

fitting to Langmuir adsorption isotherm behavior®® and it could originates from the formation

of a monolayer of adsorbed guanine at the electrode surface at low concentration ranges®’.

Table 4. The comparison of sensitivities of various electrodes towards simultaneous detection

of guanine and adenine.

Electrode nili)fl)\?l'l uie;r:i;lt'llv (':%2 Lmeaur'\? ange Lp(i/lD Reference
BDD 8 0.1132 0.3-19 0.158 &
graphene-COOH 7.5 0.1061 0.5-200 0.05 18
pre-treated GC 34.46 1.95 0.2-10 0.06 o
Guanine glassy carbon 50 0.7074 (5-50) and (50-230) 0.5 66
B-CNTs 300 4.2441 2.5-18 0.5 cl
carbon fibers @GC 900 12.7324 0.50 t0 12.0 0.01 68
B:CNW 2114 4.2057 (0.5-8) and (50-500)  1.36  This work
BDD 9 0.1273 0.3-19 0.067 &
graphene-COOH 6.5 0.092 0.5-200 0.025 18
pre-treated GC 33.67 1.9053 0.2-10 0.07 ol
Adenine glassy carbon 34 0.481 (20-70) and (70-230) 0.5 66
B-CNTs 200 2.8294 3.5-20 0.48 £l
carbon fibers @GC | unlinear unlinear 05-8 0.03 68
B:CNW 1754.8 3.4911 (0.5-8) and (50-500) 1.6 Thiswork
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For comparative evaluation, the analytical performance for simultaneous detection of G
and A on bare B:CNW and other referenced nanomaterials are listed in Table 4. The limit of
detection (LOD) of adenine (according to a signal-to-noise ratio of 3) is estimated to 1.6 pM,
while guanine studies effects in 1.36 uM of LOD. Both limits were achieved using DPV
technique. Overall, Table 4 shows that B:CNW results in competitive sensitivity and current
efficiency. The size of the electrode could be easily scaled-up keeping physical homogeneity
and electrochemical performance. The values shown above and the shape of DPV curves
originate from the properties of (B:CNW) electrode, which possess a very developed surface
and enhanced current densities. The low concentrations of analytes causes that the outer, more
accessible active surface area could be fully covered with a lower competition for the surface.
It ensures a more efficient uptake and adsorption of adenine, and guanine leading to a higher
sensitivity for the lower concentrations. This phenomenon has been also observed previously
for the simultaneous determination of adenine and guanine using GC electrode modified by
polypyrrole/graphene®.

The experiments were done three times for detection of adenine and guanine on
separately deposited B-CNW electrodes. Three freshly prepared electrodes were used for the

detection of G and A. The replicate measurements of a 10 x M mixture solution of G and A

resulted in the avg. RSD value of 1.43 %, while three parallel grown electrodes were used to

determine 10 u M mixture solution of G and A with avg. RSD value of 2.6 %, showing

satisfactory reproducibility.
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Figure 7. The cyclic voltammograms (A) and differential pulse voltammograms (C) of the
simultaneous determination of guanine and adenine in 0.1 M phosphate buffer solutions
(pH 7.0) containing concentration from 0.5 mM to 0.1 uM. The plots (B) and (D) present the

peak currents as a function of concentration of guanine and adenine.

Next, the experiments comparing the sensitivities of B:CNW and CNW electrodes
towards the simultaneous oxidation of guanine and adenine show an obvious improvement of
carbon nanowalls by boron doping (see Figure 8). The CV and DPV curves of B:CNW
electrode registered during guanine and adenine oxidation, presented in Figure 8, exhibit the
current efficiency of above one order of magnitude higher when compared with that recorded
for undoped CNWs. This fact implies much lower sensitivity and limit of detection, when no

doping was applied.
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Figure 8. The cyclic voltammograms (A) and differential pulse voltammograms (B) of the
simultaneous determination of guanine and adenine in 0.1 M phosphate buffer solutions
(pH 7.0) in concentration 0.5 mM of each purine base. Undoped CNW electrode has been

shown for direct comparison of current efficiency and implied decreased detection sensitivity.

It is obvious that B:CNWs provided slightly higher LODs but then higher sensitivities
when compared with similar geometrical sizes of surfaces of working electrodes e.g. pre-treated
glassy carbon® or boron-doped diamond?!’ (see Table 4). Nevertheless, it should be clearly
stated that B:CNW is a low-cost, carbon-based material allowing for the simultaneous
determination of G and A without need of further modification or pre-treatment.

The extended voltammetric studies on the B:CNW selectivity towards detection of
adenine, guanine, thymine and cytosine have also been carried out (see Figure S3 in ESI). The
DPV results reveal that simultaneous detection of four purine bases (A, G, T and C) could be
achieved at B:CNW electrodes as illustrated in Figure S3A. Next, the separated detection of T
and C, shown in Figure S3B (given in ESI), led to detection of sensitivity of thymine and

cytosine of approx. 62 uM and 1.25 mM respectively. The further detailed studies on the boron
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level doping in the B:CNW and surface modification improving C and T oxidation mediation
is in progress. The B:CNW electrodes were also applied to investigate the DPV curves of calf
thymus DNA sequences in concentration of 0.125 mM, and the corresponding results are shown
in Figure S4 (given in ESI). The peaks of guanine, adenine and cytosine occur in oxidation
process of DNA. This demonstrates that the B:CNW electrodes have potential for application
in the analysis of DNA. Last but not least, the detection processes here generate higher current
densities than those registered by other reported electrode systems. It allows for the application
of B:CNWs in low-cost read-out electronic systems or low-power point-of-care handheld

devices.

3. Conclusions

Summarizing, the effective synthesis of novel B:CNW was shown without additional
substrate pretreatment or usage of multi-step plasma growth. Fabricated samples consist of
sharp edged, flat and up to 3 um long carbon walls. The B:CNW shows high boron doping
concentration of 1.3% at. and low nitrogen incorporation of 0.4% at. It should be noted that
samples showing outstanding electrochemical performance, followed by high rate k° equals
1.1x102 cm/s and AE as 85 mV much lower in comparison to the glassy carbon or undoped
carbon nanowalls. This material can be strongly considered as high Kinetic electrode in
biosensing or energy storage applications. The obtained results directly indicated that novel
material called boron-doped carbon nanowalls (B:CNW) have excellent electrocatalytic activity
towards the oxidation of guanine and adenine simultaneously without additional
functionalization. It is worth noting that recorded currents are higher than those registered by
other electrodes i.e. BDD, graphene or GC. Nonetheless, it can be stated that the bare B:CNW
electrode is a highly sensitive electrochemical transducer for the simultaneous detection of G

and A.
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4. Experimental Section

Electrode growth: B:CNW were synthesized using the MW PE CVD system (SEKI Technotron
AX54008S, Japan). The base pressure inside the chamber was 10 Torr. Several B:CNW films
were fabricated using the following process conditions: Gas mixtures — Hz, CH4, B2Hgs and N2
with total flow 328 sccm, process pressure 50 Torr, microwave power — up to 1.3 kW,
microwave radiation 2.45 GHz and growth time of up to 6 hours. During the process, the
substrate holder was heated up to 700°C by an induction heater, which was controlled by a
thermocouple. B:CNW thin films were grown on (100) oriented silicon substrates. Before the
CVD growth, Si substrates were seeded by spin-coating in the diamond slurry yielding high

seeding densities in the range up to 10'° cm™2.

Surface Morphology: Scanning Electron Microscope FEI Quanta FEG 250 Scanning Electron
Microscope (SEM) using 10kV beam accelerating voltage with SE-ETD detector (secondary
electron - Everhart-Thornley detector) working in high vacuum mode (pressure 10 Pa) was
used to observed the structure of the surface of B:CNW. The morphology studies were
performed with optical microscopy using combination with a 20x objective magnification and
numerical aperture 0.4 and program for data visualization and analysis (Gwyddion, 2.40, Czech

Republic).

Chemical Composition: The chemical composition of the deposited films was studied by means
of Raman spectroscopy using Raman confocal microscope (Horiba LabRAM ARAMIS, Japan).
Spectra were recorded in a range of 200-3500 cm™! with an integration time of 5 s (10 averages),
using a 532 nm diode pumped solid state (DPSS) laser in combination with a 50 x objective

magnification (NA = 0.5) and a 50 um confocal aperture. The Lorentzian function has been
23


http://mostwiedzy.pl

A\ MOST

applied to deconvolute peaks recorded in the B:NCD Raman spectrum (OriginPro 8.0,

OriginLab, Northampton, MA).

X-Ray Photoelectron Spectroscopy: (XPS) analysis was performed with Escalab 250Xi
(ThermoFisher Scientific, United Kingdom) equipped in monochromatic Al X-Ray source.
High resolution spectra were made at a pass energy of 10 eV, and energy step size of 0.1 eV.
X-ray spot size was 650 pm. In order to normalize the spectroscopic measurements, the X axis
(binding energy) from XPS spectrum was calibrated for peak characteristics of neutral carbon

Cls (284.6 eV).

Electrochemical evaluation: Electrochemical measurements composite electrodes were
performed by the potentionstat-galvanostat system AutoLab PGStat 302N in a standard three-
electrode assembly at 295 K. The Si substrate covered with B:CNW stayed as a working
electrode. As reference samples non-doped carbon nanowalls (CNW) and glassy carbon (GC,
2 mm in diameter) were used. For electrochemical studies, the specimen holder made from
Polyether ether ketone material was fabricated. It enables contact between limited electrode
surface and electrolyte. The diameter of round sample area wetted by electrolyte was 4 mm. All
current densities in this manuscript were calculated on the basis of the geometric surface area.
Before measurements, working electrode was not treated electrochemically in any way. The
counter electrode consisted of Pt gauze and reference electrode: Ag/AgCl/3 M KCI. Electrodes
were tested by cyclic voltammetry in solutions: 0.5 M K3SO4 without and with 5 mM
KsFe(CN)e or 5 mM of hydroquinone (HQ) as a redox probe (Figure S1 and Table S1 given
in ESI). Electrochemical impedance spectroscopy measurement for each electrode material
immersed in KsFe(CN)s solution was carried out at the determined formal redox potential in

the frequency range of 0.1 Hz to 20 kHz and amplitude 10 mV. All electrolytes used were
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purged with argon for 50 min. before the electrochemical test and during measurements there
was an Ar-cushion above the electrolyte.

The impedance data were analyzed on the basis of an electric equivalent circuit (EEQC) using
an EIS Spectrum Analyser. The modified Powell algorithm™ was used with amplitude
weighting ra:

r,=(@,P..Py) =1/ (N-M),

where N is the number of points, M is the number of parameters, w is the angular frequency,

P1...Pwm are parameters. Parameter rc is defined as:

: =i -7, )2 +(Z,2—ZII )2 |

2 '
+ZiI

where i corresponds to the measured values of impedance and icaic is attributed to the calculated
values; N is the number of points.

Moreover, guanine and adenine were obtained from Sigma-Aldrich and used without
further purification. The boron-doped carbon nanowalls working electrode (B:CNW, disk
diameter 8.0 mm, surface area ca. 0.5 cm?) was applied in detection studies. Voltammetric
measurements were performed by a potentiostat-galvanostat. The experimental conditions
were: cyclic voltammetry (CV), the potential ranging from 0 to 1.6 V, scan rate 100 mV/s;
differential pulse voltammetry (DPV), the same potential range like in CV, amplitude
modulation of 50 mV, pulse width of 70 ms, and a scan rate of 5 mV/s. The CV and DPV
measurements were performed in 0.1 M PBS (pH = 7.0) with different concentrations of

adenine or guanine or their mixtures.
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Supporting Information. The comparison of cyclic voltammetry curves registered for GC,
CNW and B:CNW electrodes and differential pulsed voltammetry determination of thymine,

cytosine and calf thymus DNA.
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Fig. S1. The cyclic voltammetry curves registered for GC, CNW and B:CNW electrodes

immersed in 5 MM HQ + 0.5 M K>SO..

Table S1. The values of oxidation (Eox) and reduction potentials (Ereq) together with the

separation peak value (AE) obtained from CV curves shown in Fig. S1.

sample Eox / mV Ered / mV AE / mV
B:CNW 265 142 123
CNW 514 -103 617
GC 451 -16 467
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Fig. S2. The relation of logarithm of current density versus the logarithm of the scan rate
obtained on the basis of Fig. 5.
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Figure S3. The differential pulse voltammograms of the simultaneous (A) determination of
adenine, guanine, thymine and cytosine and separated (B) studies of thymine and cytosine, both
in 0.1 M phosphate buffer solutions (pH 7.0) containing various concentrations of purine bases.
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Figure S4. The detection of calf thymus DNA (CT-DNA) using DPV method in concentration
0.125 mM of DNA.
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