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An extraordinary charge transfer kinetics and chemical stability make a boron-doped diamond (BDD) a prom-
ising material for electrochemical applications including wastewater treatment. Yet, with flat geometrical sur-
faces its scaling options are limited. In this study, the reticulated Vitreous Carbon (RVC) served as a substrate for
boron-doped diamondized nanocarbons (BDNC) film growth resulting with complex heterogeneity carbon
structures with different morphologies defined by using electron microscopy, microtomography, activation en-
ergy studies, and Raman spectroscopy.

The proposed modification significantly boosted the electrochemical Fe(CN)3 ™4~ redox activity. The vol-
tammetry and impedimetric studies revealed its origin as a significantly higher share of electrochemically active
sites at the BDNC@RVC electrode (increased by 114 %) combined with enhanced heterogeneous rate constant
(2x increase up to 8.24-10 * cm s™1). Finally, to establish its applicability for water treatment, the BDNC@RVC
was studied as the anode in electrochemical paracetamol decomposition. Boron-enriched nanoarchitecture
formed at the RVC electrode surface substantially reduced the oxidation energy barrier manifested as a decrease
in activation overpotential by 212 mV, which gave a consequence in a 78 % removal rate (in 4 h, at 0.7 mA
em™2), 12 % higher than bare RVC and yielding lower amounts of APAP decomposition intermediates.

RVC is useful electrode material, it has an exceptionally high void vol-
ume, well-developed surface area, high porosities, high electrical con-

1. Introduction

Reticulated vitreous carbon (RVC) has aroused scientists' interest
worldwide as a commercially available microporous, glassy carbon (GC)
electrode material. RVC is an open-pore vitreous carbon foam material
of honeycomb structure [1-4]. RVC has a wide range of applications [5],
such as: batteries [6], redox flow batteries [7], microbial fuel cells [8,9],
removal of metal ions [10,11], electrochemical wastewater treatment
[12-15], electrochemical oxidation of dyes [16,17] and phenols [18].
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ductivity, low resistance to fluid flow, chemical stability, and inertness
over a wide range of bases and acids [,20]. However, the skeletal
structure of the material is breakable and due to the low volumetric
carbon content, a uniform potential- and current distribution through
the material is not assured.

RVC surfaces can be easily surface modified in many ways, including
enzymes, biochemical species, organic coatings, metals, metal oxides,
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composites, and carbon nanomaterials [6,7,9,16,21-26]. The surface
modifications of RVC electrodes enhance mechanical properties and
improve the efficiency of electrochemical processes [20], which
expanded their usage and applications. Due to the variety of modifica-
tions, RVC could be used as cost-effective, efficient, and environmentally
friendly electrode materials for water treatment. RVC as three-
dimensional electrodes overcome mass transport limitation, caused by
low concentrations of organic compounds in the aqueous matrices. In
addition, the open pores structures generate flow turbulence. It leads to
a significant increase in the mass transfer coefficient, which in turn
produces greater current efficiencies and lower energy consumption.
Moreover, the developed surface of the RVC electrode strongly improves
on electrode oxidation process. Valdez et al. studied the degradation of
paracetamol (APAP) on modified reticulated vitreous carbon electrodes
with layers of TiO, and CuO/TiO2/Al;03 [27]. Moreover, it compared
three different processes to degrade APAP: the photochemical process,
the electrochemical process, and the photoelectrochemical process. For
electrolysis carried out with CuO/TiO,/Al,03/RVC electrode, 98 %
APAP degradation took 1 h, for non-modified RVC electrode, 90 %
degradation was achieved in 4 h. In comparison, Brillas et al. reported
91 % APAP removal by electrochemical oxidation processes by the time
4 h for standard BDD electrode [28].

Millan-Barba et al. demonstrated a growth and electrical character-
ization of boron-doped diamond over porous carbon fibre (CF) from
microwave plasma enhanced chemical vapor deposition MP-CVD [29].
Micrographs reveal two extreme type layers dependent on growth
conditions. Some of CF was completely covered by boron-doped dia-
mond (BDD), however, the diamond coating is not uniform and varies in
thickness by the length of the fibre. On the other side, they show that
carbon nanowalls are formed on the interlayer of CF instead of BDD.
Extensive 3D structure causes problems with uniform diamond forma-
tion, moreover, the RVC turbostratic and its disordered level may affect
the diamond growth. However, the mechanisms of carbon by-product
formation are not fully understood. Diamond RVC composites should
be considered as a new 3D form with variable surface texture and con-
ductivity, depending on the depth of the analyzed plane. Diniz et al.
analyze and discuss diamond morphologies on three-dimensional RVC
surface using hot filament CVD [30]. The inner region of diamond/RVC
composites show the lower thickness of nanocrystalline diamond film
considering of poor concentration of atomic hydrogen and consequently
lower growth rate on deeper regions. Micrographs show agglomerates,
which may be attributed to the secondary nucleation process when the
top layer was uniform cover by microcrystalline diamond film [30].
Moreover, grown microcrystalline diamond film is related to heat
treatment temperature [31].

Boron-doped diamond films as an electrode material exhibit excel-
lent electrical carrier mobility up to 400 em?v! g1 [32,33]. The
carbon-based layer allows for advanced oxidation processes [34,35]
utilizing organic pollutants [36,37] more efficiently. The recent use of
BDD electrodes tends to be very effective in the decomposition of
different organic pollutants including PFOA and PFOS [38], ionic liquids
[32], phenol [39], and dyes [40,41], which originates from the intrinsic
BDD feature of lower activation overpotentials during direct oxidation
but efficacy in hydroxyl radicals formation [42-44]. Relatively easy
manufacturing on various substrates via a chemical vapor deposition
system [45-49] makes this material a superior candidate as the modi-
fication of RVC improves its electrical parameters while preserving high
specific surface and low fluid flow resistance. The structure and elec-
trochemical properties of boron-doped diamond electrodes depend on
factors such as the boron doping concentration, surface termination, and
interactions of superficial non-diamond phases [50-53]. Moreover, BDD
layers are well known for they mechanical, chemical [54,55] and ther-
mal stability [56], corrosion [57] and biofouling resistance [58], with
might be very attractive for wastewater electrolysis. These features are
particularly important considering the control of contaminants degra-
dation routes on homogeneous surfaces. Overall, it may be recognized
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that surface modification of RVC substrates with BDD films constitutes
an attractive route to tailor electrodes with features such as high charge
transfer kinetics and environmental stability, preferred under electro-
chemical oxidation conditions. Further research proved high electric
double-layer capacitance [59-61], increased current density [62], and
enhanced photoelectrochemical properties [63] of the porous BDD
electrode.

Non-diamond sp? states are the primary charge transfer mediators
resulting in higher electrochemical activity. The composite BDD with
graphite electrodes improved charge electron transfer for other-sphere
and inner-sphere redox probe [64]. Nanoarchitectured carbon mate-
rial designed and synthesized by Pierpaoli et al. comprising vertically
aligned boron-doped graphene walls grown on a BDD interfacial layer
significantly increased the electrochemically active sites, improving the
exchange current density [65]. The designed composite has a peculiar
maze-like morphology and a higher surface area. It's worth noting that
the highly developed surface area like in the case of boron-doped gra-
phene walls suggests an enhanced efficiency towards the degradation of
various pollutants.

This work aims to present and understand the charge transfer
enhancement of the commercially available RVC materials through the
boron doped diamondized nanocarbons (BDNC) which consist of boron-
doped diamond, carbon nanowalls/boron-doped diamond and graphitic
layers, fabricated by CVD, to increase electrode electrochemical activity.
The electrochemical evaluation of the modified RVC electrode including
the heterogeneous rate constant (ko), and voltammetric peak-to-peak
separation values for the Fe(CN)Z/% redox process was shown,
concluding that the BDNC layers grown on the RVC foams lead to the
development of electrochemically-active surface morphology and
interfacial electron transfer kinetics. The proposed electrode modifica-
tion by the BDNC structures allowed for the electrode to be successfully
utilized for electrolytic degradation of acetaminophen. Characterizing
highly developed electrochemical active surface favorable the Faradaic
reactions. Potentially, the achieved results could be adapted also to
hazardous pollutant groups.

2. Experimental
2.1. Materials

Duocel ® RVC (type: 30 PPI, 3 % relative density) from ERG Aero-
space Corporation was used for all of the experiments called here as
RVC. Sodium sulphate (>99 %, anhydrous, ACS reagent), potassium
ferricyanide K3[Fe(CN)g] (>99 %, anhydrous, ACS reagent) and K4[Fe
(CN)gl (>99 %, anhydrous, ACS reagent) were used to preparation of
aqueous solutions based on demineralized water. Paracetamol (Euro-
pean Pharmacopoeia (EP) Reference Standard) was purchased from
Sigma-Aldrich.

2.2. Preparation of the BDNC@RVC electrode

BDNC film was deposited using the optimized parameters of BDD layer
growth in a microwave plasma-enhanced chemical vapor deposition
(MPCVD) system (SEKI Technotron AX5400S, Japan) on an RVC substrate
(20 x 20 x 5 mm). The substrate was seeded in water-based nanodiamond
suspension of 4 nm NDs (Nano Ando, Japan) through deep coating. Next,
substrates were carefully dried in a stream of nitrogen. The heated stage
temperature was set to 700 °C, microwave radiation power to 1300 W, and
process pressure to 50 Torr. The gas composition consisted of 1 % of CHyg:
H,, and diborane (ByHg) precursor ([B]/[C] of 10,000 ppm in the gas
phase). The growth time was set to 4 h.

2.3. Characterization of the BDNC@RVC electrodes

2.3.1. SEM
The morphology of the samples was investigated by Scanning
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Electron Microscope (SEM). Images were obtained using FE-SEM Quanta
FEG 250 (FEI) with an ET secondary electron detector using 20 kV
accelerating voltage.

2.3.2. uCT

The computed microtomography (pCT) of samples was performed
using GE phoenix vitomelxs. The x-ray power was set at 30 W (100 kV,
300 pA). The exposure time for each radiogram was set at 5000 ms. The
voxel resolution was 26.55 pm. A total of 1000 radiographs were made
per full rotation of the sample. 3D reconstructions were performed using
phoenix datos/2 software using a standard reconstruction algorithm.
The commercial package VGStudio Max was used to analyze the porosity
of the samples. For this purpose, an arbitrary volume was set up to
represent only the region of interest (ROI - the volume of the cuboid
inside each sample). The thresholding algorithm in VGStudio Max 2.2
software was used to calculate the porosity. The porosity calculation of
the sample was the ratio of pore volume to ROI volume (solid material
volume + pore volume).

2.3.3. Raman spectroscopy

Raman spectra were recorded at room temperature using a micro-
Raman spectrometer (Invia, Renishaw) equipped with a 514 nm Ar™"
laser and 50x microscope objective. To avoid sample heating the radi-
ation power was set below 2 mW while the laser spot diameter on the
sample surface was about 2 pm. The spectral resolution was better than
2 em™L. Each sample was analyzed at five randomly selected points and
each spectrum was averaged from five measurements. The spectra were
recorded on the cross-section of the sample at different distances from
the top surface (depth level in Fig. 3). In addition, a reference spectrum
of the uncoated RVC substrate was recorded on the underside of the
sample.

2.3.4. Electrochemical measurements

The electrochemical measurements were done using a potentiostat-
galvanostat (VMP-300, Bio-Logic, France), controlled by EC-Lab soft-
ware. Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were carried out in a three-electrode setup with the RVC
and BDNC@RVC as the working electrode, Ag/AgCl/3.0 M KCl as the
reference electrode and platinum net as the counter electrode. The
geometric surface area of the electrode immersed in the electrolyte A =
9.6 and 7.8 cm? for RVC and BDNC@RVC, respectively. Determination
of the surface modification efficiency was based on CV studies in 0.25 M
NayS04 with 2.5 mM [Fe(CN)g]*~/~ chosen as the redox probe. Before
the electrochemical measurements, the solutions were deoxygenated
with argon. The CV experiments were done at a scan rate of 5-1000 mV
s~! and the potential range was from —0.5 to 1.0 V vs. Ag/AgCl/3.0 M
KCl. The EIS experiment was carried out at open circuit potential (OCP),
with voltage perturbation amplitude of 10 mV, and in the frequency
range of 1-10° to 1-1072 Hz, 10 points per frequency decade. All mea-
surements were recorded at a constant temperature of 25 °C.

The standard heterogeneous rate constant k® was estimated from the
CV studies at a scan rate of 10 mV s~ 1, using the Nicholson approach for
quasi-reversible one-electron transfer, with Eq. (1):

-D-v-F-n
K = w- rovtn 1
VA g7 @

where y is the dimensionless kinetic parameter estimated from litera-
ture based on peak potential separation AEp [66], Dy is the diffusion
coefficient of [Fe(CN)G]B’/ 4= (6.67 10°° cmzs’l), n is the number of
electrons transferred, v is the applied scan rate (Vs 1), R corresponds to
gas constant (8.314 J K! mol’l), F is the Faraday's constant (96,485C
mol™ 1) and T is the temperature (298 K).

The electrochemically active surface area (EASA), A. (cm?) was
determined through the commonly used modified Randles-Sevcik
equation for a non-reversible, one-step, one-electron reaction (2) [67].
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i, = 2.9910°-n-*-A-v}-Di ¢, 2

where i, is peak current (A), co is the concentration of the diffusing
species (mol dm’3), Dy is the diffusion coefficient (6.67-10’6 cm? s’l), v
is the scan rate (V s’l), and « is transfer coefficient, estimated as 0.5. The
ip = f(vl/ 2) characteristics of each studied surface are presented in
Fig. 7C and D.

2.3.5. Orbitrap mass spectrometry analyses

Ultra-high performance liquid chromatography (UHPLC- model
Vanquish Horizon) coupled with ultra-high-resolution mass spectrom-
eter Orbitrap Q-Exactive-Plus (both from ThermoFisher Scientific) were
used to analyze APAP and its transformation products. The mass spec-
trometer was equipped with a heated electrospray ion source (HESI) that
was operated in negative and in positive mode. Chromatographic sep-
aration in negative mode was achieved on a Waters® Acquity HSS T3
(100 ;\, 1.8 pm, 150 x 2.1 mm) a gradient of pure water (A) and
methanol (B) and with a gradient of 0.1 % formic acid in water (A) and
acetonitrile (B). The acquisition was carried out in a full scan and data-
dependent acquisition (top5) mode to facilitate the identification of
products and their confirmation. The injection was 2 pL.

2.4. Electrochemical oxidation setup

A solution of 100 g L™! of APAP in methanol was prepared for
degradation via electrolysis studies. Then an aliquot volume of the
standard stock solution was added to the 0.1 M NaySO,4 to obtain 200
mg L~! of APAP. The electrochemical oxidation process was carried out
in galvanostatic conditions at 0.7 mA cm 2 in a two-electrode system.
The electrolysis system consists of a glass beaker, anode, and platinum
net cathode. Potentiostat-galvanostat VMP-300 Bio-Logic (France) and
EC-Lab software were used. The electrolysis process was carried out
under ambient conditions (25 °C) for 240 min with continuous stirring
by a magnetic stirrer.

3. Results and discussion
3.1. Structural and morphological characterizations

The application of boron-doped nanocarbon layers onto substrates
with complex morphologies, such as porous RVC (Reticulated Vitreous
Carbon) foam, is not a standard procedure [68]. Fig. 1A presents an SEM
(Scanning Electron Microscopy) micrograph of the uncoated RVC foam,
while Fig. 1B, C, and D display the resulting topographical variations at
different depths within the foam structure. Fig. 1E explains the orien-
tation of the RVC in relation to the plasma, also indicating the specific
positioning within the foam's architecture. As evidenced in Fig. 1B, the
side facing the plasma acquires a typical polycrystalline boron-doped
diamond (BDD) layer. The RVC's uppermost surface is completely
encapsulated by the BDD, as confirmed by the characteristic Raman
peak at 480 cm ™! shown in Fig. 2A (top spectrum). Diamond crystals
have been formed with an average size of approximately 300 nm. This
grain size significantly influences the electrical transport properties,
with a notable effect on carrier mobility and resistivity due to the pro-
liferation of grain boundaries that can impede electrical conductivity.

Deeper within the RVC structure, layers are coated with boron-doped
nanocarbons (BDNC), which exhibit a nanowall-like topography and
reveal diamondized properties through an intense D band in their
Raman spectra. Progressing further to the stage-face side of the foam,
the observed topography transitions to a degenerated, undulating car-
bon nanowall structure, which is enriched with graphitic phases. This is
evidenced in the Raman spectra by a pronounced attenuation of the D
band and a heightened intensity of the G band.

The intricate effect depicted in Fig. 1 can be ascribed to several key
factors. Initially, there is the complicated architecture of the RVC foam,
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Fig. 1. SEM micrograph of A) bare RVC foam, B) plasma-faced side of RVC foam covered by boron-doped diamond-rich (BDD) nanocarbons, C) intermediate section

of RVC foam covered by boron-doped nanocarbons (BDNC) with nanowalls-like topography, D) stage-faced side covered by boron-doped nanocarbon/graphitic film,
and E) schematic representation of B), C) and D) on RVC anode.
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Fig. 2. A) Evolution of Raman spectra on a cross-section of an RVC substrate coated with BDNC, B) the change of the peaks and FWHM.
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which boasts a considerable thickness of approximately 5 mm and is
seated upon a molybdenum stage. This configuration presents chal-
lenges for the effective transmission of microwave plasma throughout
the foam, resulting in a vertical gradient of both microwave power
density and local surface temperature. Moreover, as the distance in-
creases from the microwave plasma source and approaches the shim,
there is a notable accumulation of recombined carbon species. This
phenomenon concurrently diminishes the power delivered to the sys-
tem, leading to the formation of defected non-diamond nanocarbon
phases [69]. Typically, such nanocarbon structures develop when the
carbon carrier concentration is significantly high, often exceeding 1 %,
for instance at levels around 8 % [40,70].

Fig. 2A shows the evolution of Raman spectra measured for RVC
substrate with deposited BDNC nanostructures. The bare RVC is char-
acterized by two major bands, namely disorder-induced dispersive D-
band (1357 cm™Y) corresponding to the breathing modes of sp? coor-
dinated defective graphitic phases. By the side of, the graphite G-band
(1597 cm’l), assigned to the sp2 C—C stretching Ep; mode [38]. Next,
the overtone bands attributed to D 4- D”, 2D and D + G bands are located
in the range of 2400-3000 cm .

With a change in depth, a clear difference in the structure of the
coating can be observed. Raman spectra recorded on the upper surface
contains bands characteristic of boron-doped diamond (BDD) coexisting
with an sp? graphite-like phase. The narrow intense zone center optical
phonon band (ZCP) of the diamond centered at 1327.5 em! s
redshifted vs diamond line (1332.5 cm’l) due to the Fano effect
resulting from interaction between discrete diamond zone-center
phonon and electronic Raman scattering effects [71]. This band is
assisted with two wide bands located near 507 cm ™! (B1) and 1200 cm ™!
(B2) that can be attributed to vibration modes of boron atoms allocated
in diamond lattice [71,72]. The diamond line fades quickly with
increasing depth, while bands B1 and B2 are still visible in deeper layers
and their intensity slowly decreases with depth. With a decrease in the
intensity of the Bl and B2 bands, a redshift of the B1 band is also
observed, which is associated with a change in the boron concentration
[72]. As the depth increases, the sp? phase Raman band structure also
changes. There is a clear difference in the relative intensity of the D and
G bands, in addition, a redshift and increase in the intensity of the 2D
band centered near 2700 cm ™! is observed. The evolution of the band
structure may be assigned to the change in the crystalline structure of
the graphene-like nanomaterial. Due to the three-dimensional structure
of the substrate and its electrical properties, the plasma field penetration
depth during the CVD process is limited, as a result of which a gradient is
observed in the coating structure. At smaller depths, the Raman band
structure corresponds to multilayer graphene, while at greater depths,
the Raman spectrum is characteristic of a single-layer graphene-like
nanomaterial [73]. The Raman spectrum of the RVC substrate is char-
acteristic of glassy carbon-like structures, with D and G bands located at
1354 and 1588 cm ™}, respectively. In addition, overtones are observed
in the region of 2500-3500 cm™!. The position, intensity and width of
Raman bands for spectra recorded at different depths (compare Fig. 2A)
are collected in Table 1.

The determination of the real porosity of unmodified and modified
RVC structures is problematic due to the brittleness of the carbon ribs
and three-dimensional porosity. A method that is perfectly suitable for
these purposes due to its non-destructive nature is computed micro-
tomography. The virtual 3D reconstruction provides a comprehensive
structural analysis including the determination of the degree of porosity
[74-77].

The results of the 3D reconstructions, including magnifications of the
structures of both samples of bare RVC foam and after BDNC deposition
are shown in Fig. 3A and D. The analysis of these structures showed that
diamond deposition reduced the roughness of the ribs. The same re-
constructions were used in the volumetric porosity calculations. The
visual three-dimensional results of the porosity calculations are based on
graphs presented in Fig. 3B and E, which also demonstrate three-

Table 1

Position (), intensity (A) and width (FWHM) of Raman bands recorded at different depths of RVC coated substrate.

1

Depth Ivl

FWHM

w

FWHM

(0]

FWHM

®

FWHM

(0]

FWHM

(0]

FWHM
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X
X

507.20 562.03 399.92 480.67 150.85 360.71 479.30 116.35 381.86
1199.79
1327.54
1352.63
1586.37
2612.40

2716.40
2940.39

Bl

588.84 174.44 1203.67 179.92 145.08 1202.66 142.85 144.28
1337.65

1297.28
1641.85

B2

9.18
96.00
70.81

1763.65

ZCP

4792.67 79.15

1354.48
1588.58
2463.51

35.29
19.36
40.58
43.93
46.42

334.35

1356.59
1581.90

826.56 34.23

1353.44
1582.01
2454.48
2707.65

55.56
38.53
68.84
71.81
91.29

1264.22
2722.07
133.62

1358.67
1587.35
2459.75
2714.57
2953.99

56.04
37.55

1535.26
3369.21

1356.43
1586.50
2460.02

56.83

4948.58

2852.98

23.53

3055.01

178.04

114.39

40.87 2456.10 145.30

166.94

102.41
70.62

120.06

305.64

D+D

2D

1247.84 116.10

572.76

2701.66

3014.13
43.77

41.90 2709.51

70.25

3821.26

1897.10
171.94

1970.14
223.75

2712.24

2949.53

86.07
100.35

505.81

130.05

2931.52

2955.20

116.55

2948.92

105.86

128.43

+G
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Fig. 3. Microtomography of bare RVC (A, B, C) and BDNC@RVC (D, E, F); A) and D) 3D reconstruction with magnification of the rib structure; B) and E) 3D visual
representation of the volumetric calculation of porosity with cross-section of two cutting planes (XY, YZ); C) and F) 2-dimensional cross-sections with porosity

calculations in the central section of the sample with XY, XZ, YZ cutting planes.

dimensionally the porosity inside the samples. Fig. 3C and F show two-
dimensional cross-sections of 3D reconstructed samples to provide the
cross-section of the ribs and to show the visual comparison of the
porosity. A comparison of the cross-sectional images reveals that the
cross-sections of ribs in the modified sample were less uniform in terms
of thickness than the ribs in the reference sample. Furthermore, the full
numerical calculations of the porosity of the samples are shown in
Table 2. Calculated in ROI, the volume porosity of the reference sample
was 93.19 %, while the volume porosity of the BDNC@RVC was 93.57
%. On the other hand, the percentage of surface porosity was 66.96 %
and 68.77 % for bare RVC and BDNC@RVC, respectively. Notably, the
modification affected the rib structure and this translated into increased
porosity.

Electrical measurements were performed by creating two ohmic
contacts between opposite sides of the RVC electrode, thus measuring
the material by volume along one dimension. Such a method is a reliable

Table 2
Calculation of porosity for bare RVC and BDNC@RVC anodes.

source of resistance measurements for porous materials [78,79]. Resis-
tance of unmodified RVC electrode and BDNC-modified from measure-
ments along horizontal directions are similar to each other (RVC 74 Q vs
BDNC@RVC 63 Q) revealing high conductivity of deposited BDNC.
Furthermore, resistance measurements were carried out in the function
of temperature to define the energy activation of the manufactured
electrode. Samples were measured with a two-probe method in the
temperature range of —180 to 60 °C with a 15 °C step. Obtained
Arrhenius plot shown in Fig. 4 allowed us to estimate activation energy

a = 115.2 meV, which is higher than the usual BDD electrode [80,81],
and almost three times higher than unmodified RVC foam (E, = 29.3
meV). This fact exhibits the complex structure of the semiconducting
BDNC@RVC electrode composed of BDD, DCNW and of the planar
graphenic layer revealing a variable distance hopping charge transfer
mechanism [82]. Experimental data of unmodified RVC coincide with
the data provided by the manufacturer [83].

Sample ROI volume/ Solid material volume in Pores volume in ROI ~ Volume porosity ~ Solid material surface in Pore surface in ROI Surface porosity
(mm®) ROI (mm?) (mm?®) (%) ROI (mm?) (mm?) (%)
Bare RVC 828.60 56.45 772.15 93.19 987.55 2001.33 66.96
BDD@RVC  737.69 47.40 690.29 93.57 836.02 1758.29 68.77
6


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

I. Kaczmarzyk et al.

6.0 = BDNC@RVC 7
e RVC 1
55 BDNC@RVC linear fit| |
—— RVC linear fit
5.0 e
c ] E,=1152meV *® -

= [
X 45 - g
£
]
4.0 -
35 r..‘W ]
' E,=29.3 meV
30 T T T T T
2 4 6 8 10 12 14

Temperature (1000/K)

Fig. 4. Arrhenius plot of BDNC@RVC anode (black squares) and unmodified
RVC (red dots) in a temperature range of —180 to 60 °C.

3.2. Studies of redox kinetics at RVC and BDNC@RVC electrodes

The CV comparative analysis of the Fe(CN)g_/ 4~ redox probe kinetics
is presented in Fig. 5. As the general observation, BDNC@RVC elec-
trodes are characterized with higher peak current densities than non-
modified porous carbon structure, which indicates that the layer of
nanomaterials including GR, BDD/CNW, BDD layers possesses an
appropriate structure and electronic properties enabling effective
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electron transfer through the electrode/electrolyte interphase.

While the Fe(CN)g_/ 4= redox process should be considered irre-
versible for both studied electrode materials (peak-to-peak separation
AEp > 59 mV in CV scan [67]), the situation significantly improved
upon surface modification. The detailed AEp values for each studied
scan are summarized in Table 3. For example, at v = 50 mV s ! the
BDNC@RVC electrode is characterized with AEp = 194.9 mV, compared
to 292.6 mV for unmodified RVC. The symmetric anodic-to-cathodic
current density ratio j,/jc ~ 1 gives further testimony of the improved
process reversibility. Moreover, the enhanced electrode kinetics of the
BDNC@RVC electrode manifests itself by nearly twice as high CV peak
current densities (0.58 mA cm 2 compared to 0.37 for bare RVC).
Following that the process should still be considered irreversible, a good
linear dependence of the I, = f %) was achieved, see Fig. 5D. A lower
value of the linear coefficient for RVC suggests sluggish, activation-
controlled, heterogeneous electron transfer processes.

Following a linear relationship of the I, = f (%) function, the
electrochemically active surface area (EASA), was estimated for each
sample and compared with the geometric surface area A. The observed
EASA:A ratio was significantly different and as little as 61 % for RVC,
compared to a terrific 132 % for BDNC@RVC (see Table S2). The ob-
tained results suggest an increase in the electrochemically active surface
area by nearly 114 % after BDNC deposition and contribute an impor-
tant observation. In contrast to BDD@RVC electrode, unmodified RVC
electrode characterized a sluggish electron transfer mechanism. After
chemical vapor deposition treatment RVC surface is characterized by
multiple crystallites, defects, and nondiamond amorphous carbon im-
purity phases would provide sites for heterogeneous electron transfer.
The BDNC@RVC electrode shows the characteristic of an overlapping
diffusion layer of active species, indicates a higher faradaic current and
efficient electron transfer process. In case of the unmodified RVC

2.0
B) BDNC@RVC
1512.5 mM Fe(CN)**
1.00.25 M Na,SO,
S
g 0.5-
S 0.0
E ’ l—— 5 mVs™
=01 s
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0.012- 2
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<
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0.0124 R“ =0.9907
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Fig. 5. Cyclic voltammograms of the electron transfer for 2.5 mM [Fe(CN)6]3~7#~ in 0.25 M Na,SO, solution on the A) bare RVC and B) BDNC@RVC anodes; C, D)

depicts the corresponding ip = f(v1/2) graphs. CV scan rate: 5-1000 mV s~ 1.
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Table 3

The characteristics of the Fe(CN)2 /4~ redox process for RVC and BDNC@RVC electrodes, based on CV scans.
Scan rate Epa Jp.a Epc Jp.c AE, Jp.a/Jpc
mv st \% mA cm 2 \% mA cm 2 mvV -
RVC
5 0.312 0.140 0.158 0.175 154.2 0.80
10 0.338 0.200 0.147 0.215 190.7 0.93
20 0.355 0.266 0.132 0.284 223.2 0.94
50 0.392 0.374 0.099 0.394 292.6 0.95
100 0.429 0.482 0.068 0.511 360.7 0.94
250 0.505 0.648 0.017 0.687 487.5 0.94
500 0.579 0.808 —0.030 0.830 608.9 0.97
1000 0.632 0.909 —0.067 0.955 699.1 0.95
BDNC@RVC
5 0.283 0.189 0.182 0.223 100.6 0.85
10 0.306 0.294 0.173 0.294 133.0 1.00
20 0.316 0.390 0.164 0.395 152.4 0.99
50 0.337 0.579 0.142 0.580 194.9 1.00
100 0.359 0.773 0.122 0.770 237.0 1.00
250 0.397 1.118 0.087 1.102 309.8 1.01
500 0.436 1.461 0.049 1432 387.2 1.02
1000 0.488 1.868 0.003 1.828 485.3 1.02

surface, the scale of the insulating species may be extremely high that
the electroactive species show individual linear diffusion layers [84].
The non-homogeneous charge transfer through various RVC segments
directly affects the electrode performance. On the other hand, the
number of active sites developed through layer of nanomaterials
including GR, BDD/CNW, BDD deposits rises pronouncedly, translating
to higher redox currents but also more spatially homogeneous electron
transfer and thus, process reversibility. It should be noted that the fer-
rocyanides electron transfer mechanism is known to be the inner sphere
reaction. In the result, reaction kinetic translates into the chemical
compositions of the investigated surfaces, because the capability of
effective electron transfer requires direct interactions with reactive sites
on the electrode. However, it is not sensitive to oxide bonding on the
electrode surface [85]. Utilizing this redox probe allows for effective
differentiation of process kinetics that originates from different func-
tionalization groups at the electrode surface.

It may be concluded that the presence of boron-doped diamondized
nanocarbon films on the RVC foam at sufficiently high boron doping

70
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Fig. 6. EIS spectra of RVC and BDNC@RVC anodes measured at OCP in 2.5 mM
[Fe(CN)a]s’/"’ + 0.25 M Na,SO4. Frequency range: 1-10° to 11072 Hz.

density leads to more effective redox kinetics and higher values of the
standard heterogeneous rate constant k® = 8.24.10~* cm s}, estimated
using the Nicholson approach [66]. For bare RVC surface, the value K is
twice smaller (k® = 4.14-10 % cm s’l). The incorporation of boron atoms
into the NC lattice, predominantly determined through Raman spectral
analysis, plays an important role in the nucleation and growth of
nanocarbons and subsequently in the observed enhancement of charge
transfer kinetics at BDNC@RVC electrodes [86]. Furthermore, the for-
mation of sp? hybridized carbon phases, supplied with edge dislocations
and an expanded surface area, represents another significant factor that
apparently contributes to the improved electrochemical performance
[87,88]. The high EASA and superior heterogeneous rate constant k° of
BDNC@RVC makes the electrode more attractive for potential electro-
catalysis applications. The electrochemical impedance spectroscopy
studies support previous conclusions. The EIS Nyquist plots are depicted
in Fig. 6.

The plots registered for both studied samples displayed semicircle
patterns covering the high-frequency region, with a 45° slope line in the
low-frequency region that reflects the charge transfer process at the
electrode/electrolyte interface and mass diffusion control, respectively
[89]. Quantitative data were estimated using an electric equivalent
circuit (EEQC) in the EC-Lab software. The EEQC used for fitting was
Rg(CPE(RcTW)) [90] with normalized fitting error Xz ~ 107* In the
proposed circuit, Rg refers to the series resistance, made up of three
components: the resistance caused by the ions in the electrolyte, the
resistance inherent in the active material itself, and the resistance at the
interface between the electroactive material and the current collector.
Constant phase element (CPE) was proposed to represent the non-ideal
behavior of the electric double layer capacitance due to spatial hetero-
geneities at the electrode/electrolyte interphase and porosity. The CPE
is represented by an impedance expression of the form: Zcpg = [Q(jw)]1 ™%,
where Q is the quasi-capacitance, o is the angular frequency, and a is the
CPE exponent. When a = 1, the CPE represents an ideal capacitor, thus
its deviation from this value represents the heterogeneity factor [91,92].
Next, Rt represents resistance associated with the redox process. W is

Table 4

EIS analysis results using Re(CPE(RctW)) EEQC.
Sample Re/Q cm 2 Re/Q cm ™2 CPE/Ss® cm? o
RVC 116.3 91.37 0.222 0.81
BDNC@RVC 73.0 7.95 1.537 0.86
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Warburg impedance, describing the diffusion of species through a semi-
infinite layer [93].

Concluding the EEQC fitting results, given in Table 4, the EIS con-
firms a significant, one order-of-magnitude RCT drop upon surface
modification with BDD and other boron-doped nanocarbon derivatives.
Furthermore, the CPE exponent « increases from 0.81 to 0.86 indicating
a decrease in the frequency dispersion of capacitance and a rise in
electrode homogeneity.

The charge transfer resistance is closely related to the reaction ex-
change current and rate of electrochemical reaction [94]. Decreasing of
charge transfer resistance (RCT) is expected to translate directly into
more efficient degradation of APAP, as it involves a higher rate of
electrode reactions, oxidation of active species and generation of radi-
cals [95-99].

3.3. APAP electrooxidation on RVC and BDNC@RVC electrodes

Fabrication of BDNC@RVC structures strongly impacts the overall
electrode kinetics, affecting the electrochemical stability window of the
electrolyte as well as the degradation pathway for organic pollutants'
electrooxidation [100]. RVC and BDNC are two different types of anode
materials, that are associated with altered adsorption energies, activa-
tion overpotentials, and so on. RVC surface, likewise glassy carbon (GC),
eagerly interacts with hydroxyl radicals and transforms into a higher
oxide or superoxide [101-103]. BDD is a non-active anode, the surface
does not provide any catalytic site for the adsorption of organic com-
pounds from the aqueous medium, and it performs a sink electron
function for the removal of electrons [104]. Moreover, as we reported
before, the BDNC modification is, in fact, a superposition of various
boron-enriched carbon nanoarchitectures [65,70,105].

Both GC and BDNC are characterized by wide electrochemical win-
dows [106], this feature does not seem to be largely affected when
studied in an aqueous 0.1 M NaySO4 solution, as observed in Fig. 7.
Introducing 200 mg L™! APAP reveals that an oxidation peak is shifted
from E = 1.175 V (for bare RVC) down to 0.963 V vs Ag/AgCl/3 M KCl

J—0.1 M Na,SO,
}——0.1 M Na,SO, + 200 mgL"' APAP

21 1.175V —>

'6 T T T T T T T
-3 -2 -1 0 1 2 3

B) E,. (V) vs Ag/AgCI/3M KCI

. g_-—o.1 M Na,SO,
“.'E p {—0.1 MNa,SO, + 200 mgL"' APAP
% 24 0.963V —>,
04
g .
- . BDNC@RVC

3 2 41 0 1 2 3
E,.. (V) vs Ag/AgCIl/3M KCI

Fig. 7. Cyclic voltammogram of A) RVC and B) BDNC@RVC anodes in 0.1 M
Na,S0, as electrolyte and 0.1 M Na,SO containing 200 mg L~ APAP. Scan rate
100 mV s
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resulting in 212 mV difference, when the oxidation is carried out at
BDNC@RVC. This effect should be ascribed to lower activation over-
potential because of the reduced energy barrier required to initiate the
reaction. Moreover, higher APAP oxidation currents observed (1.44 mA
cm 2 for BDNC@RVC vs 0.94 mA cm 2 for bare RVC) indicate enhanced
kinetics, plausibly due to higher EASA and a higher number of active
sites at the electrode surface. The energy input to drive the APAP
decomposition reactions at BDNC@RVC is also lower, which is crucial
for sustainable and cost-effective water treatment.

The APAP decomposition route was followed using UHPLC-HRAM-
MS. The results allowed to identify some aromatic compounds, the
products of APAP direct oxidation at RVC and BDNC@RVC electrodes
[107,108], the proposed oxidation mechanism is in Fig. S2 [27,109].

The direct anodic oxidation of APAP reactions resulted in the for-
mation of two intermediate compounds: hydroquinone and 4-aminophe-
nol which was oxidized to 4-nitrophenol [28]. It's worth highlighting
that benzoquinone, typically expected in such degradation processes,
was conspicuously absent in the range of intermediates and end prod-
ucts generated [28,]. Further, oxidation of these intermediates leads to
the generation of carboxylic acids, namely muconic acid, oxamic acid,
and malonic acid [115,116]. Additionally, the BDNC@RVC electrode
yielded lower amounts of carboxylic acids. These observations suggest
APAP oxidation process via a direct electron transfer process occurs
more effectively at the BDNC@RVC electrode surface than at the bare
RVC electrode.

Overall, our findings reveal that BDNC@RVC is substantially more
effective when it comes to APAP decomposition. The galvanostatic
electrolysis at 0.7 mA cm~2 during 4 h attained APAP degradation rates
of 66 and 78 % for RVC and BDNC@RVC, respectively, which is an
explicit effect of high EASA development with numerous active sites and
decisive charge transfer kinetics. This effect might be also attributed to
porous 3D structures inducing disturbance to fluid flow [120].

4. Conclusions

We have used Microwave Plasma Chemical Vapor Deposition
(MWCVD) to deposit boron-doped diamondized nanocarbons onto
three-dimensional reticulated vitreous carbon (RVC) structures results
in multi structural film depending on distance from plasma source.
Raman spectroscopy and SEM topography studies of the BDNC@RVC
electrode revealed different layers on the RVC foam depending on the
distance from the plasma, resulting in boron-rich nanocarbon structures.
The content of sp>-bonded carbon in the covered RVC foam by boron
doped nanocarbon layers was found to increase with increasing distance
from the plasma source. Notably the resultant electrode performance is
an inseparable superposition of electron transfer through the multilay-
ered system.

We have shown that boron-doped diamondized nanocarbons depo-
sition significantly improves the electrochemical performance of the
RVC structures, the effect to be combined with joint enhancement of the
electrochemically-active surface area (by approx. 59 %) and the increase
in heterogeneous rate constant k° from 4.14-10™* to 8.24-10™* cm 57!
after surface modification. These parameters were studied by CV using
Fe(CN)g’/ 4 redox probe. The electron transfer through the bare RVC is
less reversible and more sluggish, a characteristic of electrochemically
heterogeneous surfaces. The R¢r value defined by EIS dropped by an
order of magnitude to reach 7.95 Q cm~2 for BDONC@RVC. Obtained
results shows that deposition of boron-doped diamondized nanocarbons
enhance the electroactivity of RVC foam towards APAP electro-
oxidation. The above-described features gave a prominent edge when
using BDNC@RVC for the APAP electrooxidation process. The CV
studies reveal a decrease in activation overpotentials of APAP oxidation
by 212 mV, implying lower energy requirements to transfer an electron
through the interface. The results showed 12 % higher APAP decom-
position efficiency compared to bare RVC, yielding lower amounts of
intermediates such as carboxylic acids. Energy activation (E,) analysis,
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which provides insight into the energy required to initiate a chemical
reaction, indicated a value of only 115.2 meV for BDNC@RVC, sup-
porting the previous finding of lower energy demand.

Nonetheless, despite the concern pointed out by the Reviewer
regarding not meeting the final goal and not being able to uniformly
grow homogeneous BDD film through different depths of the RVC ar-
chitecture, we have managed to obtain a much better understanding of
the 3D-structure related CVD growth chemistry, which is being shared in
this manuscript. Furthermore, our results clearly demonstrate a signif-
icant enhancement of the redox process kinetics offered by the BDNC
electrode.
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