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Nitrogen atoms were introduced into carbon nanoonion (CNO) cages by annealing aminated nano-
diamonds (AM-NDs) under an inert helium atmosphere and reduced pressure. This procedure provided a
convenient tool to control the surface properties, such as polarity, and to make CNOs suitable for various
applications. Two series of CNOs were produced using different temperatures (1150, 1450 and 1650 °C)
and starting materials, unmodified nanodiamonds (NDs) and AM-NDs. Nitrogen-doped CNOs (NCNOs)
were prepared by annealing AM-NDs at 1150 °C via a procedure previously reported by our group.
Herein, the surface polarity of the NCNOs and their catalytic and electrocatalytic properties were
compared with those of the pristine CNOs obtained from non-functionalized NDs under the same
experimental conditions. For these purposes, we used several experimental and theoretical methods,
such as X-ray photoelectron spectroscopy, water adsorption-desorption measurements supported by the
model proposed by Dubinin and Serpinsky, catalytic tests with a gasometric method and electrochemical
studies, including cyclic voltammetry and amperometry. All of the CNOs and NCNOs were evaluated for
use as biocompatible mediator-free substrates for horseradish peroxidase in hydrogen peroxide
detection.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Commercially available aminated nanodiamonds (AM-NDs)
with crystal sizes between 4 and 6 nm were used for the prepara-
tion of nitrogen-doped carbon nanoonions (NCNOs) [1]. The central
fullerene at the core of the NCNOs was surrounded by multiple
layers of nested concentric graphene shells with increasing di-
ameters. This procedure was a modified version of a procedure
proposed previously by Kuznetsov [2—4], where non-modified ND
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particles were used for the formation of spherical CNOs with an
intershell spacing of approximately 0.334 nm, similar to that of
highly oriented pyrolytic graphite [5,6]. This procedure produced
spherical nanostructures composed of 6—11 layered CNOs. When
AM-NDs were used as a starting material, the formation of the
carbon nanostructures (CNs) was confirmed by high-resolution
transmission electron microscopy (HR-TEM), which indicated that
the NCNOs had polyhedral structures rather than spherical struc-
tures [1]. The synthesis was carried out at three different temper-
atures: 1150, 1450 and 1650°C [1]. At 1150°C, both samples
(unmodified and aminated NDs) showed the formation of inho-
mogeneous nanoparticles with structures composed of a ND core
and outer graphitic layers. Higher temperatures led to the complete
transformation of the NDs or AM-NDs into multilayered fullerenes,
CNOs and NCNOs, respectively.
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We report herein a nitrogen-doping approach for the synthesis
of CNOs to enhance their enzymatic electrocatalytic properties to-
wards hydrogen peroxide (HO3). It has been observed that N-
doping can induce n-type electronic modification, as observed in
typical semiconducting materials [7—9]. Nitrogen-doped CNs have
been applied as electrocatalysts in oxygen reduction reactions
[10—12] as electrochemical sensors and biosensors for H,0,
[13—15] and glucose [16], and as the anode material in Li-ion bat-
teries [17]. These nanostructures show better electrochemical
performances than non-modified CNs due to the high positive
charge density of the carbon atoms adjacent to the nitrogen dop-
ants in the CN structure and the strong electronic affinity of the
nitrogen atoms [18].

For H,0; detection, it has been proven that nitrogen doping of
CNs increases their electrocatalytic properties [19], biocompati-
bility [20], hydrophilicity [21] and available surface area for bio-
catalyst anchoring [22]. However, the electrochemical results have
indicated that N-doped CNs produce much higher current densities
in comparison to those of pristine CNs [23], and H,0, reduction on
both pristine and N-doped CNs proceeds according to the same
mechanism [15,24,25]:

H,0, + 2e~ + 2H* —2H,0 1)

These studies also indicated that before H,0, reduction, phys-
isorption of H>0; ((H202)ads) onto the CN surface occurs [23]. The
(H203)a4s receives an electron to produce adsorbed OH ((OH),qs),
and then (OH),gs receives a second electron to produce HO.

Non-enzymatic catalysis of H;O, by CNs has previously been
reported by our group and by Chatterjee, for which nitrogen-rich
CNOs were used to replace Pt-based catalysts in the oxygen
reduction reaction [1,26]. In previous studies, the physicochemical
properties of non-modified CNOs and those formed from AM-NDs
at different temperatures were discussed in detail [1]. It should
be noted that our present findings provide new insights about our
reported studies. Herein, we mainly focused on finding the corre-
lation between the polarity of the CNO surface and the catalytic and
electrocatalytic properties. Due to the interesting electrocatalytic
activity of CNOs and NCNOs in an H,0; environment, we investi-
gated the impact of CNOs on the H,0; reduction process in the
presence of the horseradish peroxidase (HRP) enzyme. The pre-
pared enzymatic sensors presented good selectivity, rapid response
and high sensitivity due to the biocatalyst immobilization step.
Here we showed that CNOs and NCNOs, which were not modified
with organic mediators, can be promising biocatalysts to facilitate
the direct electron transfer (DET) of enzymatic bioelectrocatalysis.

2. Experimental Section
2.1. Materials and chemicals

All chemicals and solvents used were commercially obtained
and used without further purification, which included nano-
diamond powder (ND) with crystal sizes between 4 and 6 nm and
content greater than 97 wt% (Carbodeon pDiamond® Molto, Vantaa,
Finland), urea (>98%, Sigma-Aldrich, Poland), phosphate buffered
saline (PBS, BioPerformance Certified, pH 7.4, Sigma-Aldrich,
Poland), N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC, >98.0%, Sigma-Aldrich, Poland), N-hydrox-
ysuccinimide (NHS, >98.0%, Sigma-Aldrich, Poland), horseradish
peroxidase (HRP, type VI, essentially salt-free, lyophilized powder,
Sigma-Aldrich, Poland), anhydrous ethanol (99.8%, Avantor Per-
formance Materials Poland S.A.). All aqueous solutions for electro-
chemical studies were prepared using deionized water, which was
further purified with a Milli-Q system (Millipore).

2.2. Synthetic procedures

Pristine CNOs and NCNOs: Commercially available pristine
nanodiamond powder or aminated-nanodiamond (NDs or AMNDSs)
powder, with crystal sizes between 4 and 6 nm, were used for the
preparation of CNOs or NCNOs, respectively. Annealing of the
ultradispersed NDs or AMNDs was performed at 1150, 1450 and
1650 °C under a 1.1 MPa He atmosphere with a heating rate of 20 °C
min~! (Astro carbonization furnace) [1]. The final temperature was
maintained for 1h, and then the material was slowly cooled to
room temperature over a period of 1h. The furnace was opened,
and the CNOs or NCNOs were annealed in air at 400 °C to remove
amorphous carbon.

Oxidized CNOs (0x-CNOs): The oxidation reaction of CNOs is
based on a modified procedure described by Echegoyen and co-
workers in 2006 [27]. An aqueous dispersion of pristine CNOs in
deionized water and 3 mol L2 nitric acid were subjected to an ul-
trasonic bath for 48 h. The solution was poured into 50 mL flasks
and repeatedly centrifuged at 6000 rpm for 30 min. After each
centrifugation, the aqueous nitric acid was removed with deionized
water and ethanol. This process was repeated until complete
removal of nitric acid from the aqueous solution was observed
(pH = 7). The resulting product was dried in an oven for 8 h at 60 °C
to completely evaporate the solvent.

2.3. Enzymatic modification of the working electrode using CNOs or
NCNOs

The surface of a glassy carbon electrode (GCE) was polished to
obtain a mirror finish using 3.0 um fine diamond polish and 1.0 pm
micropolish alumina (Buehler) on a Texmet/alumina pad (BASi).
Afterwards, the GCE was immersed in ethanol, ultrasonicated for
several minutes to remove trace amounts of alumina from the
electrode surface, rinsed with ethanol and pure water and dried
under an Ar atmosphere. The modification of the GCE surface was
performed according to our previously reported procedure [28].
First, 2 mg of the active material (CNOs or NCNOs) was dispersed in
a solution containing conductive carbon paint and ethanol in a
volume ratio of 1:6 and sonicated for 15 min. Subsequently, the
surface of the GCE was modified by the drop-coating method.
Dispersions of CNOs or NCNOs (10 uL) were added dropwise onto
the GCE surface, and the solvent was evaporated under an argon
atmosphere. Next, the modified electrode was immersed in an
aqueous solution containing 40 mM EDC and 10 mM NHS for 1 h.
After this activation step, the GCE/CNO electrode (or GCE/NCNO)
was rinsed with MQ water and immersed in a HRP buffered solu-
tion. A 10 pL aliquot of the HRP solution (2 mg mL~" in 0.01 M PBS,
pH = 7.4) was added onto the GCE/CNO surface (or GCE/NCNO) and
allowed to immobilize overnight. After the immobilization step, the
modified electrode was rinsed with a buffer solution and MQ water
to remove loosely held deposited molecules of the biocatalyst from
the GCE surface. HRP immobilization of the GCE/CNO-modified
electrode surface was performed at 4 °C in a freezer.

2.4. Electrocatalytic tests

The electrocatalytic studies were performed using a computer-
controlled Autolab modular electrochemical system equipped
with a PGSTAT 12 potentiostat (Eco Chemie Utrecht, Netherlands)
using NOVA 1.7 software (Eco Chemie Utrecht) and a three-
electrode cell configuration. The working electrode was a glassy
carbon (GC) disk electrode (Bioanalytical System Inc.) with a disk
diameter of 2.0 mm. A saturated Ag/AgCl electrode was used as the
reference electrode. The counter electrode was made from plat-
inum mesh (0.25 mm). All experiments were performed in water
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purified in a Millipore apparatus and saturated with argon.

2.5. Water adsorption-desorption

Water adsorption-desorption measurements were performed at
a temperature of 24°C using a typical gravimetric adsorption
apparatus equipped with Baratron pressure transducers (MKS In-
struments, Germany). Each sample was desorbed before the mea-
surements at 120 °C under high vacuum until a constant mass was
obtained (usually after 3 days).

2.6. Catalytic tests

The rate constants for the heterogeneous decomposition of
hydrogen peroxide were measured by a gasometric method [29],
[1-3,7]. Typical hydrogen peroxide decomposition experiments
were carried out at 20 °C and atmospheric pressure using 26 mg of
the catalysts in contact with 25 mL of a 0.385molL~! hydrogen
peroxide solution. The mixture was stirred with a magnetic rod
stirrer, and the reaction was monitored by measuring the volume of
0O, evolved as a function of time. The concentration of H,O, was
determined as follows:

_ 2po, Vo,
[Ha05] = [H303)y ~ 42270 2)

where [H202]p is the initial concentration of H>0,, Vo is the volume
of evolved O, at time t, Vs is the volume of the solution and pg; is
the partial pressure of O, (atmospheric pressure corrected for the
water vapour pressure) [29]. For the H,0, decomposition reaction
(disproportionation):

2H,05 — 2H,0 + 0, (3)

the rate constant, which was calculated directly from the experi-
mental data, was a first-order rate constant k (s~') defined as [28]:

d[H,0,]
dt

For the decomposition of H,0, on the surface of carbon mate-
rials with strongly different specific surface areas and varied
amounts of H,0,, the apparent reaction constant can be more
suitably expressed in the form [2,29]:

k= —

(4)

Vsolk
ke — sol™*hom 5
s MeatSBET (%)

where mc,r and Sgerare the mass and the specific surface area of the
catalyst, respectively. The rate constant ks (cm s~!) is correlated
with the true catalytic activity per unit surface area.

2.7. XPS measurements

The XPS measurements were performed using a multi-chamber
UHV analytical system (Prevac, Poland) equipped with a non-
monochromatic Al Ko (1486.7 eV) radiation source (VG Scienta
SAX 100) and a monochromator (VG Scienta XM 780). The Al Ka
source was operated at 12 kV and 30 mA. For all samples, a low-
resolution survey scan (0—1200eV) was performed. The pristine
CNO and NCNO powder samples were placed on naturally oxidized
Si wafers (ITME, Poland) that had been precoated with approxi-
mately 50 nm of Au (purity 99.999%) using molecular beam epitaxy
(MBE, PREVAC). The measurements were performed at room
temperature. The collected data were fit using CasaXPS software
(Casa Software Ltd.).

3. Results and discussion
3.1. X-ray photoelectron spectroscopy studies

Nitrogen atoms were introduced into the CNO structures by
annealing aminated nanodiamonds (AM-NDs) under an inert he-
lium atmosphere. The physicochemical properties were systemat-
ically discussed for undoped and for the nitrogen-doped CNO
samples in Ref. 1. The carbon nanostructures were characterized
using transmission (TEM) and scanning electron microscopy, X-ray
powder diffractions, Raman and Fourier transform infrared spec-
troscopy, adsorption/desorption of nitrogen, and differential-
thermogravimetric analyses. These results revealed that the
structure of undoped and nitrogen-doped CNOs vary with the
annealing temperature. TEM results indicated that the nitrogen-
doped nanostructures have polyhedral structures rather than
spherical.

X-ray photoelectron spectroscopy (XPS) was performed to
characterize the amount of each element and their local bonding
environment. The survey spectra for the oxidized CNOs (0xCNOs),
undoped CNOs and NCNOs obtained at different temperatures
(1150, 1450 and 1650 °C) are compared in Figs. SI1-SI3 (see Sup-
plementary Data), and their elemental quantifications are sum-
marized in Table 1. The survey XPS spectra for the AM-NDs and
1150-NCNOs contain three peaks (C 1s, N 1s, and O 1s) and the
spectra for the other materials contain two peaks (C 1s and O 1s)
(Figs. SI1 and SI2). As has been reported, deconvolution of the high-
resolution C 1s spectrum for the undoped CNOs shows a main sp?
hybridized carbon peak located at 284.5eV and a minor sp> hy-
bridized carbon peak located at 285.1 eV (Table 1) [30,31].

The position of the C 1s peak (at 284.5 eV; graphitic C) varies
with the annealing temperature and starting material (unmodified
or aminated NDs) (Table 1). It was found that for the NCNO samples
obtained at different temperatures, the position of the C 1s peak
had shifted to higher binding energies (285.00 eV), in agreement
with the results obtained by other authors [33—35]. Additional
peaks in the 1150-NCNO spectrum were found at 285.34, 286.09,
and 287.50 eV, with the highest intensity being at 286.81 eV. These
peaks were tentatively assigned to carbon in sp° C=N, sp> C-N and/
or carbon-oxygen (C-OH, C-0-C, C=0, C-0-C=0, 0=C-0) bonds
[35]. In our case, the formation of C-O bonds was possible because
these peaks were also observed for the 1150-CNO sample, with
slight shifts to 285.32, 285.92, 286.50 and 287.16 eV, respectively.
During a standard procedure for the formation of CNOs via
annealing of NDs, an additional annealing step at 400 °C was per-
formed in air to remove amorphous carbon. This step may also lead
to the oxidation of some of the carbon atoms on the outermost CNO
layer.

The C 1s spectrum of the oxCNOs could be deconvoluted into
seven peaks at 284.74 (main, 58 at.%), 284.13, 285.40 (high,
15.8 at.%), 285.91, 286.52, 287.09, and 289.30eV, which were
assigned to C-C, C-H (main, sp> C), C=C (sp? C), hydroxyl, ether,
carbonyl and carboxyl carbons (Table 1). A slight increase in the full
width at half-maximum (FWHM) was observed for the C 1s peak of
0xCNOs (2.08 for CNOs and 2.14 for oxCNOs). Larger differences in
the FWHM were observed for the C 1s peaks of the materials ob-
tained at lower temperatures, 3.03 for 1150-CNOs and 3.25 for
1150-NCNOs. For all materials, an increase in the FWHM for the C 1s
peak was observed, which was attributed to induced disorder in the
graphene-based structure [33], and this disorder decreased with
increasing annealing temperature during the formation of CNOs
from NDs (Table 1).

The ratios of oxygen to other elements for the investigated CNO
samples are displayed in Table 1. The O 1s XPS spectra exhibited
several binding energy peaks at 531.39, 532.39, 533.51, 530.71 and
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Table 1
The dopant contents and elemental distribution of 0XCNOs, NCNOs and pristine CNOs as determined from XPS analysis.
Sample Name Position (eV) C?(at.%) Definition
CNOs C1ls 284.50 100 C-C (sp?)
285.10 C-C (sp°)
0xCNOs C1s 284.70 84.7 C-C, C-H (sp’); C-C (sp?);
01s 532.70 15.3 C-C; C-OH; C-0-C; C=0; C-0-C=0; 0=C-0
0=C; HO-C; C-0-C
1150-CNOs Cls 284.69 89.5 C-C (sp’); C-C (sp?);
01s 531.39 10.5 C-C; C-OH; C-0-C; C=0; C-0-C=0; 0=C-0
0=C; HO-C; C-0-C
1450-CNOs Cls 284.65 96.5 C-C (sp?); C-C (sp);
01s 533.15 35 C-C; C-OH
0=C; HO-C; C-0-C
1650-CNOs C1s 284.67 98.0 C-C (sp®); C-C (sp);
01s 532.67 2.0 C-C; C-OH
0=C; HO-C;
C-0-C
AM-NDs C1s 284.72 90.8 C-C (sp’); C-C (sp®);
01s 531.72 7.5 C-N (sp®); C-N (sp?); C-C; C-OH; C-O-C; C=0; C-0-C=0
N 1s 400.3 1.7 HO-C; C-0-C
C-NH,
1150-NCNOs Cls 285.00 914 C-C (sp’); C-C (sp?);
01s 531.00 7.6 C-N (sp®); C-N (sp?); C-C;
N 1s 398.50 1.0 C-OH; C-0-C; C=0; C-0-C=0
HO-C; C-0-C
C-N=C (sp?)
1450-NCNOs C1s 285.00 95.8 C-C (sp°); C-C (sp?); C-C; C-OH; C-0-C; C=0; C-0-C=0
01s 533.00 4.2 0=C; HO-C;
C-0-G;
1650-NCNOs C1s 285.00 97.4 C-C (sp’); C-C (sp?); C-C; C-OH; C-0-C; C=0; C-0-C=0
01s 532.50 2.7 HO-C; C-0-C

@ C — concentration.
5 From Ref. [32].

534.72 eV, which varied for the different annealing temperatures.
These peaks can be assigned to double-bond oxidized carbon spe-
cies, single-bond oxidized carbon species, hydroxyl and ether
groups bonded to aliphatic or aromatic carbon, oxygen bonded to
aromatics and to water adsorbed as a monolayer [36,37]. As ex-
pected, the oxygen content decreased with increasing annealing
temperature of the NDs or AM-NDs. With increasing annealing
temperature (from 1150 to 1650 °C), the oxygen content clearly
decreases for both the CNO and NCNO series, from 10.5+0.1 at.%
(1150-CNOs) to 2.0 +0.1 at.% (1650-CNOs) and from 7.6 + 0.1 at.%
(1150-NCNOs) to 2.7 + 0.1 at.% (1650-NCNOs) (Table 1).

The XPS data showed that nitrogen substitution only occurred in
the CNOs obtained at 1150 °C from AM-NDs (Table 1, Fig. SI3). As
shown in Fig. SI3, the N 1s core spectrum for the 1150-NCNOs had a
single peak at 398.50 eV, which indicated that the nitrogen atoms
had been substituted for the carbon atoms in the sp? carbon
network (Table 1). This peak is commonly attributed to pyridinic N

A 40—
CNO series
O 1150-CNO ads
@ 1150-CNO des
] 1450-CNO ads
M 1450-CNO des
A 1650-CNO ads
A 1650-CNO des le)
-+ 0xCNO - ads
+ 0x-CNO - des

30 —

++»>EO000
++»>EO00

a (mmole/g)
1

located at the edge of a graphitic network or bonded to two carbon
atoms next to a vacancy [33]. It has also been observed by experi-
mental and theoretical methods [15,23] that pyridinic N shifts the
onset potential of H,O, towards more positive values for hetero-
geneous catalysis and exhibits the best performance for the
reduction of the analyte. In the case of AM-ND the N1s peak is
located around 400 eV due the presence of amino groups [38].

3.2. Water adsorption-desorption measurements (model
calculations)

The adsorption-desorption isotherms are shown in Fig. 1. The
data collected in Fig. 1 show that with increasing temperature during
the heat treatment of the carbon materials, water adsorption, as well
as the hysteresis in the adsorption-desorption isotherms, decreases.
To observe the nuances and regularities in Fig. 1, a water adsorption
isotherm model was applied to describe the experimental data. For

B 40
NCNO Series
O O O 1150-NCNO ads
1® @ @ 1150-NCNOdes
O O [ 1450-NCNO ads
M HW N 1450-NCNOdes
30 |/A A A 1650NCNOads N
A A A 1650NCNOdes o
—_ i i ++ OXCNO - ads o
(=2 oxCNO - des
K] o
g 20 °
£ ¢
© ] O
®©
.g +
10 - g
89 +p
4 [ Te} 4 t
o ® < ».‘g
o e qubie P T i T M

p/p,

Fig. 1. Water adsorption-desorption isotherms (T =24 °C) for the (A) CNO and (B) NCNO series.
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this purpose, the model proposed by Dubinin and Serpinsky was
chosen [39—41], which has been previously labelled the DS2 model
[42,43]. The DS2 model is a semi-empirical model modified from the
original DS approach. In brief, this model postulates that water
adsorption occurs at strongly hydrophilic surface polar sites. At these
primary adsorption sites, clusterization occurs, and this process
decreases access to the primary centres.

This mechanism leads to the DS2 adsorption isotherm model in
the following form:

a=c(ag+a)(1—ka)h (6)

where a is the adsorption, agy is the surface concentration of the
primary adsorption sites, h is the relative pressure (=p/ps where p is
the equilibrium and ps the saturated vapour pressure), ¢ is a ratio of
adsorption/desorption constants, and k is a constant corresponding
to the loss of primary sites during adsorption.

To characterize the behaviour of the DS2 isotherm equation, we
show the results of several model calculations in Fig. 2. An increase
in ap causes a rapid rise in adsorption (Fig. 2A); an increase in ¢
(Fig. 2B) shifts the adsorption isotherms towards lower pressures,
while a decrease in k (Fig. 2C) increases adsorption at intermediate
pressures due to lower saturation of the primary adsorption sites.
Since Eq. (6) is a quadratic equation with respect to a, there are two
solutions for a. We chose the following solution:

2agch
2 2\1
1— (1 —apk)ch + (4a0k(ch) +(1 - (1—agk)ch) )

a= 72

(7)

To obtain the model parameters (ay, ¢ and k), Eq. (6) was fit to
the experimental data by minimizing the sum of squares of the
residuals using the Mathematica® function NonlinearModelFit.

A

) > X
<2 > >
> > X
w2 » X
*a > X

afa.u.)

Prior to this, the data were analysed using a plot of a/h =f{a). Ac-
cording to Eq. (6), for ka < 1, the fit should be a straight line. Points
that strongly deviated from this line were rejected. The range of the
fit was chosen to maximize the value of determination coefficient
for linear relationship. This applied especially to points at low
pressures, which had the largest experimental errors. A typical
example is shown in Fig. SI4 (see Supplementary Data).

The estimated parameters and their standard errors are
collected in Table 2. The data collected in Table 2 show that for all
studied CNO samples, the value of the ap parameter changed
dramatically. Since this parameter is strictly related to the number
of adsorption sites, one should expect a relation between this value
and the polarity of the carbon surface. On the other hand, different
authors have noted that the ratio of the XPS-determined O;5/Cys
atomic percentages can be successfully applied to indicate the po-
larity of a carbon surface [44—46].

In fact, the data collected in Fig. 3 confirmed that, for the studied
series of CNOs, an exponential correlation between both values
exists. To our knowledge, this is the first correlation of this type to
be observed for CNOs, specifically, and for carbonaceous materials
in general. Due to higher electronegativity of oxygen and its higher
content, during the presence of both heteroatoms on carbon sur-
face the role of nitrogen in water adsorption is negligible [47].

3.3. Catalytic tests

CNOs and NCNOs, which are catalytically active toward the H,0,
decomposition reaction (disproportionation) (Eq. (2)), were inves-
tigated. Kinetic analysis of the H»O, decomposition data suggested
that the reaction behaviour follows a pseudo-first-order rate with
respect to the H,O, concentration at the beginning of the reaction
(Fig. 4), which is similar as that for other carbon materials [48—50].

A decrease in the catalytic activity over time was observed
(Fig. 4). This decrease could be caused by deactivation of the most

0 A C bx O &
(o] o » X (0] A
e} A PX O A

e} A | ] A

o] A X O AN

Fig. 2. The influence of the parameters of the DS2 model on the shape of the adsorption isotherms, arrows show the increase in (A) ag, (B) c and (C) k, respectively. (A colour version

of this figure can be viewed online.)

Table 2

Values of the parameters obtained from fitting Eq. (1) to the experimental adsorption data of water and the determination coefficients (R?) together with the previously
published BET surface areas and the XPS-determined ratios of the atomic percentages of the 0;,/C;s surface atoms.

Sample Sper (m? g~')° 015/Cys R? ao(gg™) c k

0xCNO 448 0.14 0.9985 0.0065 + 0.0006 1.020 +0.007 0.016 +0.019
1150-CNO 235 0.11 0.9996 0.0243 + 0.0007 1.046 +0.003 0

1450-CNO 322 0.04 0.9993 0.0030 + 0.0002 1.033 +£0.002 0.010 +0.003
1650-CNO 454 0.02 0.9985 0.0022 + 0.0002 1.038 £+ 0.014 0.89 +0.20
1150-NCNO 255 0.08 0.9998 0.0122 + 0.0004 1.141 £ 0.004 0.121 + 0.006
1450-NCNO 296 0.04 0.9915 0.0013 + 0.0003 1.046 +0.007 0.060 + 0.029
1650-NCNO 383 0.03 0.9998 0.0029 + 0.00009 1.013 +£0.003 0.066 + 0.022

2 From Ref. [1].
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Fig. 3. The correlation between the parameter ao of Eq. (1) and the XPS-determined
polarity of the CNOs (see Table 1). The dashed line shows the fitting to an exponen-
tial function (R? = 0.8999). (A colour version of this figure can be viewed online.)

active sites [48]. This deactivation was more pronounced for the
CNOs. The first-order heterogeneous decomposition rate constants
determined from the linear slopes of the In[H,05] vs. time plots and
the volume of the solution, normalized by the BET areas of the
CNOs, are displayed in Table 3. The CNO activity was comparable to
the activities of other nanocarbons (e.g., carbon nanotubes, gra-
phene oxide), and as with other CNs, the CNOs demonstrated very
low activity in comparison to that of macroscale carbons (e.g.,
activated carbon) [48,49].

For both series (CNOs and NCNOs), the highest catalytic activity
was shown by the samples annealed at 1150°C (1150-CNO and
1150-NCNO). Annealing at higher temperatures resulted in a
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decrease in the catalytic activity for both series. The samples
annealed at 1650 °C demonstrated the lowest activity among all the
samples. Additionally, the lowest catalytic activity was shown by
the oxCNOs.

It is frequently assumed that the activity of a carbon material
results from the presence of electron-rich sites associated with
structural defects and edge graphene planes or the presence of
heteroatoms (e.g., O or N) [50—56]. According to the XPS mea-
surements (Table 1), annealing resulted in the removal of hetero-
atoms (mainly oxygen) from the CNOs. The higher the annealing
temperature was, the lower the heteroatom content and the lower
the catalytic activity. There was a positive correlation between the
rate constant and the contents of the C-O- and C-O-C moieties in
the CNOs. A similar correlation has been observed for H,0,
decomposition over activated carbons [52,55].

It is well known that the presence of oxygen and nitrogen het-
eroatoms (e.g., O and N) in a carbon matrix influences its activity
toward the decomposition of H,O0, by altering the electronic
properties of the carbon [53,54]. The presence of basic oxygen and/
or nitrogen-containing surface species enhances the catalytic ac-
tivity [48—55]. The presence of C-O- and C-O-C moieties in the
CNOs could be attributed to the presence of basic surface func-
tionalities such as chromene-like and pyrone-like structures, which
are catalytically active in H,0, decomposition [52,55]. The lowest
catalytic activity being observed for the oxCNOs, despite their
having the highest oxygen content, most likely resulted from the
presence of acidic groups that can inhibit the catalytic activity
[48—55].

It has been suggested that the H,0, decomposition occurs via
free radical (OH /OOH®) intermediates, whose formation would
take place through an electron-transfer reaction similar to the
Fenton mechanism, with AC and AC" as the reduced and oxidized
catalyst states [45,47—49,52,53]:
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Fig. 4. Kinetic plots of H,0, decomposition investigated over oxCNO (+), CNOs (A, C) and NCNOs (B, D). The CNOs or NCNOs were prepared at different temperatures: (O) 1150 °C;

(01) 1450 °C and (A) 1650 °C.
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Table 3

The values of apparent rate constants k and k; for the H,O, decomposition reaction in the presence of CNOs and NCNOs.

Catalyst k10° (s 1) R? k10° (cms™) 01s/Cls C-0-H? (at.%) C-0-C* (at.%)
0xCNO 1.09 0.9874 2.18 0.14 6.9 3.2
1150-CNO 1.29 0.9915 498 0.11 17.3 203
1450-CNO 1.73 0.9933 4.89 0.04 9.4 6.7
1650-CNO 1.69 0.9839 345 0.02 8.6 45
1150-NCNO 1.73 0.9980 6.62 0.08 183 23.0
1450-NCNO 1.10 0.9932 3.49 0.04 10.0 6.2
1650-NCNO 1.44 0.9939 3.42 0.03 6.3 3.6

2 Amount of carbon as C-O-H or C-O-C moieties, calculated from deconvoluted XP C1s spectra. (% Area x total carbon content (at%)/100%).

AC+ H,0, —AC* +OH™ + OH* (8)

AC* + Hy0, —AC +H* + OOH® (9)

The recombination of free radical species (OH/OOH®) in the
liquid phase and/or onto the activated carbon surface will produce
water and oxygen according to reactions (9) and (10), respectively:

OH*®* +0O0H* — H,0+ 0, (10)
OH*AC" +0O0H*AC — H,0 + 0, +ACT +AC (11)
being the overall reaction, according to this mechanism:

2H,05 — 2H,0 + 0, (12)

There are reports on a correlation between carbon basic sites
and its reduction sites [48] as well as hydroxyl radical generation
yield [55,56]. In the report [55] was shown that hydrogen peroxide
decomposes via *OH formation, mainly through the interaction
with active surface sites of carbon in the form of basic functional
groups like chromene groups.

In addition, carbon basic sites may facilitate H,O, decomposi-
tion due to deprotonation of H0, to HOO™. The HOO™ anion is less
stable than the H;0; itself, and decomposes very readily [48,49].
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3.4. Electrocatalytic properties of the NCNOs in enzymatic sensing
systems

To evaluate the electrochemical enzymatic catalytic perfor-
mance of the CNOs and NCNOs, cyclic voltammetry (CV) and
amperometry studies were performed. To obtain a novel biosensor
for the enzymatic detection of hydrogen peroxide (H,0,), a glassy
carbon electrode (GCE) was modified with NCNOs (GCE/NCNOs) or
pristine CNOs (GCE/CNOs) for comparison. In this study, the CNOs
and NCNOs were investigated for use as a platform for horseradish
peroxidase (HRP) immobilization and the subsequent enzymatic
catalytic detection of H,0,. H,0, combines with HRP enzyme to
form a HRP compound, followed by the reduction of this compound
to the original HRP enzyme [57]:

HRP (Red) + 2H,0, — HRP compound (Ox) + 2H,0 (13)

HRP compound (Ox) + 2e~ + 2H" — HRP (Red) + H,0
(14)
The potential application of GCE/NCNOs or GCE/CNOs was inves-
tigated in a three-electrode cell (working electrode: GCE, reference
electrode: Ag/AgCl and counter electrode: Pt) using CV and amper-
ometry, following modification of the GCE, the procedure is described

in the Experimental Section. Figs. 5 and 6 show the CV voltammo-
grams of the GCE/CNOs and GCE/NCNOs (CNs were obtained at
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Fig. 5. CVs for the GCE/CNOs with HRP, with CNOs prepared at different temperatures: (A) 1150 °C, (B) 1450 °C and (C) 1650 °C, in the absence and presence of H,0, (from 0 to

50 mM) in 0.01 M phosphate buffered saline (pH =7.4) at a scan rate of 10mVs~".
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Fig. 6. CVs for the GCE/NCNOs with HRP, with NCNOs prepared at different temperatures: (A) 1150 °C, (B) 1450 °C and (C) 1650 °C, in the absence and presence of H,0, (from 0 to

50 mM) in 0.01 M phosphate buffered saline (pH = 7.4) at a scan rate of 10mVs ™.

different temperatures: 1150, 1450 and 1650 °C), respectively, in the
absence and presence of H,O; (from 0 to 50 mM) in phosphate buff-
ered saline (PBS, pH = 7.4) at a scan rate of 10 mV s~ over a potential
window ranging from 400 to —1500 mV vs. Ag/AgCl. The subsequent
addition of H05 to the solution caused an exceptional increase in the
reduction current of the analyte for both the CNO and NCNO series
(Figs. 5 and 6). This behaviour proved that all tested GCE/CNO and
GCE/NCNO electrodes with immobilized HRP had significant activity
towards H,0, bioelectrocatalytic reduction (Eq. (8) and (9)). This
means that all the modified electrodes had a uniform morphology
and a conductive character that created an appropriate intermediary
layer for HRP immobilization. Additionally, HRP shifted the H,0;
electroreduction potential to more positive values, which was facili-
tated by a direct electron transfer (DET) mechanism [58]. Here, we
also found that the incorporation of HRP into the electrocatalytic
systems led to an increase in the H,O; reduction current [1].

By comparing the results of Figs. 5 and 6, the system composed
of HRP and NCNOs was capable of driving H>0, reduction much
more efficiently (e.g., at more positive potentials and at higher
current densities) in comparison to the analogous systems con-
taining CNOs. Importantly, the electrochemical studies showed that
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the 1450-NCNOs exhibited higher electrocatalytic activity towards
H,0; than the other two samples obtained from AM-NDs (1150-
NCNOs and 1650-NCNOs, Fig. 7).

Fig. 7 shows the relation between the current density and the
reduction of H,0, at different analyte concentrations using GCE/CNOs
(Fig. 7A) and GCE/NCNOs (Fig. 7B). Fig. 7 confirmed the stable and
reproducible current responses for all CNO and NCNO materials. The
recorded current increased with increasing analyte concentration for
both series of carbon electrodes. The dependence of the reduction
peak current on the concentration of H,O, for both electrode series
was found to be linear within the tested analyte concentration range
of 1-50 mM. The slopes of the calibration curves indicated a signifi-
cant difference in the sensitivity toward the H,0, concentration be-
tween the GCE/CNO and GCE/NCNO electrodes with immobilized
HRP. The sensitivities of these enzymatic electrodes were 20.828 and
7.407 pA/mM cm? for GCE/NCNO and GCE/CNO electrodes, respec-
tively. Compared to the performance of previously reported enzy-
matic H,O, sensors, the modified electrodes investigated in this study
displayed very good comprehensive performances (Table SIT).

Amperometry provides important information about the elec-
trocatalytic activity and the stability of the tested biosensing systems
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Fig. 7. Calibration curves of the current densities and H,0, concentrations on (A) GCE/CNO and (B) GCE/NCNO electrodes with immobilized HRP in 0.01 M PBS (pH = 7.4). The CNOs
and NCNOs were obtained at different temperatures: (o) 1150 °C, (%) 1450 °C and (¥ ) 1650 °C. Operating potential: -0.5 V.
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(Fig. SI5). The applied potential of —-500 mV vs. Ag/AgCl is very close to
the formal reduction potential (E” = —467 mV) of the Fe(IlI)/Fe(ll)
redox couple at a pH of approximately 7 [59]. The reduction current of
H,0, was proportional to the concentration of the analyte and related
to the activity of the HRP enzyme [60]. The HRP-functionalized GC/
NCNO electrodes exhibited sensitive and rapid current responses
upon subsequent additions of H>O, with increasing concentration of
the analyte. All of the modified GCEs (NCNOs obtained at different
temperatures) revealed constant behaviour during the amperometric
measurements over 600 s. The time between subsequent stable cur-
rent responses was less than 4 s, which proved that rapid electron
transfer between the HRP active site and the electrode surface took
place. This was due to the large active surface area created by the
uniformly loaded NCNO film on the GCE electrode.

There were several factors that affected the electrocatalytic
properties of the CNOs and NCNOs. First, there was a positive cor-
relation between electrocatalytic activity and NCNO hydrophobicity.
The electrocatalytic current increased with increasing NCNO hy-
drophobicity. A similar effect has been observed for other CN ma-
terials with low oxygen contents [61,62]. The excellent properties of
these CN—enzyme conjugates were attributed to the hydrophobic
interactions between the enzymes and the CNs [61,62]. The highest
electrocatalytic activity was observed for the 1450-NCNOs, which
may have resulted from its higher electrical conductivity [63,64], as
well as the higher activity of its immobilized HRP compared to the
activity of HRP immobilized on the other samples.

4. Conclusions

In summary, we developed a family of nanostructured carbon
catalysts by using AM-ND particles for the formation of NCNOs.
Several experimental and theoretical methods were performed to
identify the correlations between the physicochemical properties
and catalytic/electrocatalytic performance of the CNOs and NCNOs.

CNOs and NCNOs adsorbed water following to the mechanism of
the DS2 model. With increasing thermal treatment, the number of
active sites decreased which correlated well with the XPS-
determined O15/C;s atomic ratios. Removal of the active sites by
thermal treatment reduced the degree of adsorption-desorption
hysteresis. The higher the temperature of treatment was the
lower the catalytic activity. In comparison to activated carbons, the
CNOs demonstrated lower catalytic activity.

A system composed of HRP and NCNOs was capable of driving
H,0; reduction much more efficiently than analogous systems
containing CNOs. Importantly, the electrochemical studies showed
that the 1450-NCNOs exhibited the highest electrocatalytic activity
towards H;0,. The catalytic and electrocatalytic performances of
the NCNOs were strongly associated with their mesoporous struc-
ture, homogenous distributions of defects and active nitrogen sites,
hydrophobicity and homogenous distribution of HRP on the carbon
matrix. NCNOs were active toward the electrocatalytic reduction of
H,0,, while simultaneously having low catalytic activity in the
decomposition of H,0;, into oxygen and water, thus they offer
several possibilities for the construction of more effective bio-
sensors and as the electroactive materials in fuel cells.
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