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Oxygen reduction reaction on covalently and noncovalently
modified carbon nanowalls

ABSTRACT

An effect of highly oriented carbon nanowalls modification on oxygen reduction reaction was
studied by means of a rotating disk electrode. Namely nanowalls were modified with oxygen-
containing functional groups. Moreover, an adsorption of borneol (a surfactant with two-
dimensional structure) was considered. Two distinct waves are observed on voltammograms in
aerated alkaline solutions that points out to the two-step process of oxygen reduction with the
formation of H,O, as intermediate. Both types of surface modification were found to affect
substantially the absolute currents of the waves as well as their ratio. This effect was assumed to
be caused by the topology peculiarities of carbon nanowalls that determine the electrochemical
heterogeneity of the electrode surface. For initial nanowalls, the process of two-step reduction
takes place on the edges of nanowalls. A parallel channel of oxygen reduction with the formation
of water is assumed to be realized on the defects of basal planes at high overvoltage. In the case
of noncovalent modification, borneol is adsorbed mainly on basal planes of nanowalls and blocks
substantially parallel reduction channel. After covalent modification, oxygen reduction proceeds
mainly through a two-step channel as a result of the increase in the number of oxygen-containing
functional groups (the centers of two-step reduction) on the edges of nanowalls.

Keywords: carbon nanowalls, functionalization, adsorption, oxygen reduction reaction, rotating
disk electrode.

1. INTRODUCTION

The number of publications on electrochemistry
of carbon nanostructures greatly increased during
last 10 years. However, the data presented in the
literature are often controversial even on such
fundamental electrochemical question as the
dependence of reaction mechanism on the local
topology of carbon surface (see, for example, Refs.
[1, 2]). The difficulty of objective comparison of the
results for the electrodes based on various carbon
nanoforms is caused by the uncertainty in the true
surface available for the electrolyte. At the same
time, a correct usage of the rotating disk electrode
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(RDE) method results in the current values
proportional to the geometrical surface of the
electrode that would eliminate the problem of data
comparability [3]. A special interest in materials
based on carbon nanoforms is connected with the
development of platinum free catalysts for oxygen
reduction reaction (ORR). In particular, oxygen
reduction proceeds via four-electron pathway on
nitrogen doped carbon nanomaterials (nanotubes,
graphene structures, highly oriented carbon
nanowalls etc) [4-6] and the catalysts demonstrate
overvoltages compared to Pt. However, in [7] edge
sites of dopant free carbon nanowalls chemically
evaporated on alumina nanofibers were assumed
to be the centers of a four-electron pathway in
ORR.

In the present study, the modification of CNWs
was considered to elucidate the role of edges and
defects of carbon nanowalls in ORR. Therefore, a
RDE technique was used for the investigation of
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irreversible oxygen reduction reaction on initial and
covalently/noncovalently modified electrodes based
on highly oriented carbon nanowalls. A covalent
modification with oxygen-containing functional
groups was carried out by an electrolysis in water
solution at high anodic potential. A noncovalent
modification was an adsorption of borneol (an
organic surfactant with two-dimensional structure).
Both types of modification are described in detail in
[8,9] where a study of reversible redox-systems on
initial and modified CNWs was perfomed by means
of cyclic voltammetry.

2. EXPERIMENTAL

The measurements were carried out using a
VED-06 rotating disk electrode set-up (Volta,
Russia) and a IPC PRO-L potentiostat (A.N.
Frumkin Institute of physical chemistry and
electrochemistry of RAS, Russia) in a three
electrode cell with common anodic and cathodic
compartments filled with aerated solution of 0.1 M
KOH. Platinum foil served as a counter electrode.
An Ag/AgCl (sat. KCI) electrode was used as a
reference electrode. All potentials are referred to
the reversible hydrogen electrode. The working
electrode was assembled in the following way. The
tablet of neodymium magnet was pressed into the
end of hollow cylinder made of copper or
aluminium. A nickel support with a CNW film
obtained by the plasma enhanced chemical vapor
deposition method [10] was attached to the
magnet. A side surface of the assembling and a
part of CNW layer on the support was isolated with
chemically inert sealant forming a round working
area 3 mm in diameter on the top of the electrode.
Covalent modification of CNWs was realized by
electrode polarization at 2.27 V during 2-3 hours in
deaerated 0.1 M KOH solution.

3. RESULTS AND DISCUSSION

Linear sweep voltammetry on initial and
covalently modified CNWs is presented in the Fig.
1. These data were obtained in the 0.1 M KOH
solution without and with addition of borneol at
RDE rotation rate of 2000 rpm and potential scan
rate of 10 mV/s. As can be seen from the figure, a
wave of oxygen reduction is observed on CNWs in
aerated solutions at E = 0.45 V. In accordance with
the generally accepted conception (see, for
example, Ref. [11]), the limiting current of the wave
corresponds to the two-electron oxygen reduction
to H,0.,.
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Figure 1. Linear sweep voltammetry on initial (1, 1)

and covalently modified (2, 2') CNWs in aerated 0.1
M KOH (1, 2) and 0.1 M KOH + 10~ M borneol (1",
2") solutions at RDE rotation rate of 2000 rpm and

potential scan rate of 10 mV/s. The inset shows a
scanning electron microscopy image of the CNW

film (reproduced with permission from Ref. [8]).
Scale is 500 nm.

Slika 1. Linearna voltametrija pranja na inicijalnom
(1, 1) i kovalentno modifikovanom (2, 2) CNV u
aerodiranom 0.1 M KOH (1, 2) i 0.1 M KOH + 10-3
M borneola (1, 2 ") rastvorima sa brzinom rotacije
RDE od 2000 obr / min i potencijalnim skeniranjem
od 10 mV / s. UloZak prikazuje skeniranje
elektronske mikroskopske slike CNV filma
(reprodukovano dozvolom iz Ref. [8]).

Skala je 500 nm.

To determine the number of electrons n
involved in the ORR on initial CNWSs, a linear
sweep voltammetry was carried out at different
electrode rotation rates w. The Koutecky-Levich
equation [12] was used to analyze the obtained
data:

1 1 1

T=Tt

I P

ji = nFke’, jg = 0.62nFD? w2y ec? (1)

where ji is the density of kinetic current, jq is the
density of the limiting diffusion current, F is the
Faraday constant (F = 96485 C mol_l), D is the
diffusion coefficient of oxygen in 0.1 M KOH
solution (D = 1.9:107° sm? s_l), u is the kinematic
viscosity of 0.1 M KOH solution (v = 0.01 sm? s_l),
c® is the bulk concentration of dissolved oxygen (c0
= 0.24 mM in 0.1 M KOH solution) [5, 13]. The
dependence of the electron number involved in the
oxygen reduction on initial CNWs on the electrode
potential is demonstrated in the Fig. 2. As seen
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from the figure, the n value increases from ca 1.7
toca2.1.
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Figure 2. The dependence of the electron number

involved in the oxygen reduction on initial CNWs on
the electrode potential.

Slika 2. Zavisnost broja elektrona ukljuc¢enih u
redukciju kiseonika na poc¢etne CNV-ove na
potencijal elektrode.

At lower overvoltage, a reduction of O, to H,O,
takes place on the most «active» centers. At
transition to more negative potentials, a parallel
channel of oxygen reduction to hydrogen peroxide
at «less active» centers engages in the overall
oxygen reduction process. The evidence in favor of
this hypothesis is the fact that a typical diffusion
length of 0.7-1.2 um for used rotation rates of the
electrode [12] is comparable with the size of the
structure element of nanowalls (the inset of Fig. 1).
It follows from the above that diffusion layers of
individual «active» and «less active» centers do not
overlap and the registered current is a sum of the
currents on these centers [14]. According to the
generally accepted conception (see, for example,
Ref. [15]), edges of nanowalls are assumed to be
the most active centers and the structural defects
of basal planes correspond to less active centers. It
is worth mentioning that similar effect is observed
for different silver nanocrystals.

A two-step process is a typical one for cubic
particles, and a one-step process involving a
transfer of four electrons occurs on nanocrystals of
more complex shape with large angles between the
facets [16]. As for carbon nanoforms, a four-
electron oxygen reduction is described in
numerous publications on doping of graphene and
carbon nanotubes by non-metal atoms (N, S, P, |,
F) [4,17,18]. However, in some works [19, 20],
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such a process is assumed to proceed also on the
defects of basal planes decorated with oxygen-
containing groups.

The addition of borneol (curve 1') results in the
decrease in the current. This effect can be
explained by the preferential adsorption of borneol
on the basal planes which blocks the centers
(surface defects) of molecular oxygen adsorption
and reduction via parallel pathway. At the same
time, borneol adsorption on the edge regions
seemed to be more hampered. This assumption is
in a good agreement with the conclusions [8, 9]
about the mechanism of surfactant influence on the
kinetics of redox processes on CNW electrodes.

After covalent modification of CNWSs, the
limiting current increases (curve 2) ca 1.4 times.
Electrochemical functionalization of CNWs used in
the current study was shown [8,9] to result in
increase in the number of oxygen-containing
functional groups preferentially located on the
edges of nanowalls ([O/C], atomic ratio is 0.02—
0.03 and 0.14 for the initial and modified CNWs
respectively). Moreover, there was a partial splitting
of nanowalls [8,9]. It is important to note that the
data of Raman spectroscopy did not reveal an
increase in the defectiveness of the CNW basal
planes after functionalization. In [21] a catalytic
activity of the edges of graphene basal planes
toward ORR was found to increase after decoration
with oxygen-containing groups. In our case, an
increase in the number of «active» centers (in the
first approximation, functional groups on the edges
of splitted nanowalls) obviously results in the
decrease in a typical distance between these
centers and overlap of their diffusion layers. The
latter will cause a virtually full «turn-off» of the
parallel pathway reduction centers on basal planes.
The addition of borneol (curve 2') does not lead to
the substantial change of voltammogram. A
negligible increase in the current is only observed.
This observed weak effect on the ORR kinetics for
functionalized CNWSs is in agreement with the
assumption about preferential adsorption of
borneol on basal planes resulting in the blockage of
oxygen adsorption on «less active» centers.

4. CONCLUSIONS

Despite any model approximation, the kinetics
of oxygen reduction on CNW electrode was shown
to be changed substantially as a result of covalent
or noncovalent modification. This effect on ORR
was assumed to be caused by the topology
peculiarities of highly oriented carbon nanowalls.
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The process of oxygen reduction with the formation
of H,O, takes place on the edge regions of
graphene planes. At high overvoltage a reduction
of O, to H,0O, takes place on the defects of basal
planes of initial CNWs. At noncovalent
modification, borneol is preferentially adsorbed on
the basal planes and it blocks parallel reduction
channel. Covalent modification increases the
number of oxygen-containing functional groups
(«active» centers) on the edge regions of
nanowalls.
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1ZVOD

REAKCIJA REDUKCIJE KISEONIKA NA KOVALENTNO | NE-KOVALENTNO
MODIFIKOVANE NANOCEVI UGLJENIKA

Proucavan je efekat visoko-orijentisane modifikacije ugljeni¢nih nanovalls na reakciju redukcije
kiseonika pomocu rotirajuce diskove elektrode. Naime, nanovalls su modifikovani sa
funkcionalnim grupama koje sadrze kiseonik. Stavise, razmotrena je adsorpcija borneola
(surfaktant sa dvodimenzionalnom strukturom). Dva razli¢ita talasa se posmatraju na
voltamogramima u aeracionim alkalnim rastvorima koja ukazuju na dvostepeni proces redukcije
kiseonika uz formiranje H,O, kao intermedijera. Utvrdeno je da oba tipa povrSinske modifikacije
znacajno uticu na apsolutne struje talasa, kao i njihov odnos. Pretpostavija se da je ovaj efekat
prouzrokovan topoloskim karakteristikama nanoSenja ugljenika koji odreduju elektrohemijsku
heterogenost povrsine elektrode. Za pocetne nanovalls, proces redukcije u dva koraka se odvija
na ivicama nanovalls-a. Pretpostavlja se da se paralelni kanal redukcije kiseonika sa formiranjem
vode realizuje na defektima bazalnih ravnina pri visokom prenaponskom naponu. U slucaju
nekovalentne modifikacije, borneol se adsorbuje uglavnom na bazalnim ravninama nanovalls-a i
blokira u sustini paralelni kanal redukcije. Nakon kovalentne modifikacije, smanjenje kiseonika ide
uglavnom kroz dvostepeni kanal kao rezultat poveéanja broja funkcionalnih grupa koje sadrZe
kiseonik (centri dvostepenog smanjenja) na ivicama nanovalls-a.

Kljuéne reci: ugljenicne nanocevi, funkcionalizacija, adsorpcija, redukcija kiseonika, rotirajuca
disk elektroda.
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