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of Chemistry We report the electrochemistry of amino-functionalized multiwalled carbon nanotubes (MWCNTs-NH5) in
the pH range from 0.3 to 6.4 using quantitative cyclic voltammetry (CV) and single entity electrochemistry
measurements, making comparison with non-functionalized MWCNTs. CV showed the latter to both
catalyze the solvent (water) decomposition and to undergo irreversible electro-oxidation forming oxygen
containing surface functionality. The MWCNTs-NH, additionally undergo an irreversible oxidation to an

extent which is dependent on the pH of the solution, reflecting the variable amount of deprotonated
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level confirmed the oxidation of both types of MWCNTSs, showing agreement with the CV. The pK, of the
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Introduction

The exceptional physical properties,' including excellent elec-
trical conductivity,” high porosity® and specific surface area,* of
multiwall carbon nanotubes (MWCNTs) have led to their
widespread use for example in nanodevices like transistors® and
nanosensors,*’ for composite reinforcement,® in metal (ion)
nanocomposites® and especially as catalyst supports in both
chemical and electrochemical reactions.’ However, the appli-
cation of pure MWCNTs is limited especially in detection
devices such as electrochemical detectors and biosensors with
immobilized biomolecules due to their hydrophobic nature and
low dispersibility."* That said, functional groups, notably
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-COOH, -OH and -NH,, either generated on or covalently
attached to the carbon surface usefully confer a more hydro-
philic character allowing much better compatibility with certain
solvents, especially water.'>**

Amino-functionalized MWCNTs (MWCNTs-NH,) have
aroused considerable interest since the amino groups attached
to the CNTs allows a diversity of further chemical functionali-
zation as well as showing valuable properties in themselves®
notably as absorbents for metal ions,'®'” acting as supports for
the preparation of electrocatalysts'®'® and facilitating the
fabrication of (bio) sensors.?**' The formation of MWCNTSs-NH,
have been realized by different approaches. Generally the first
step is the oxidation of MWCNTs by treatment with concen-
trated acids (sulfuric acid or nitric acid) or other oxidative
protocols to generate carboxylated MWCNTs (MWCNT-
COOH).****> These oxidized CNTs are subsequently linked to
amines to form various amides or esters through different
chemical reactions for example with ethylenediamine' or
diethylenetriamine.” Finally, decarbonylation is performed to
remove the other carbonyl group linked between the MWCNT
and the N atom in the amide so creating amino groups attached
directly to carbon atoms in the CNT.

The amino groups in MWCNTSs-NH, are basic and become
protonated in acidic solution. Thus, the acid-base characteris-
tics of the -NH,/-NH;" pair underpins all MWCNTs-NH,
chemistry in aqueous solution. In this report, we focus first on
the electrochemistry of MWCNTs-NH, comparing it with that of
MWCNTs and second on measuring the acid dissociation
constant (pK,) of the amino groups bonded to single, isolated
MWCNTs and in ensembles of the latter. We note that in
principle, the pK, of functional groups attached to the surface of
CNTs may differ very significantly from the pK, of the same
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groups in small molecules in solution, since the hydrophobic/
hydrophilic nature of the CNT surface may markedly influ-
ence the thermodynamics of the acid-base reaction, for
example by altering the local water structure. Quantitative
information about these differences is rather limited but, for
instance, the pK, of formic acid is 3.7 (ref. 24) at 298 K whilst the
corresponding pK, for the carboxylic acid group within
MWCNTs has been measured to range from 3.6 (ref. 25) to 6.3
(ref. 26) according to the extent of oxidation of the surface.
Similar effects have been noted for carboxylic acid groups on
glassy carbon surfaces,” while the pK, of water, alcohols and
phenols are 15.7 (ref. 28), 15.9 (ref. 29) and 9.9 (ref. 30)
respectively compared to hydroxyl group on the functionalized
MWCNTs with a pK, estimated to be below 10.0.%¢

Knowledge of the pK, of MWCNTSs-NH, is essential in their
utilization most notably in terms of controlling the uptake of
metal ions and in exploiting the chemical reactivity of the amino-
groups as well as being of fundamental. We note that significant
difference between the pK, values of amino groups in molecules
and bound covalently to the surface of graphite has been noted
by Abiman et al* In the work reported below, two electro-
chemical techniques are used to estimate the pK, of MWCNTs-
NH, so as to probe their acid/base behavior either as ensembles
of many CNTs drop-casted on an electrode surface or as single
CNTs in solution. The first method utilizes cyclic voltammetry
(Cv) at a glassy carbon macroelectrode (GCE) modified with
MWCNTs-NH,, and for comparison with MWCNTSs, in a solution
electrolyte at different pH values. Both types of nanotube are seen
to catalyze the solvent decomposition and to undergo chemically
irreversible surface modification leading to the introduction of
oxygen functionality. In addition, the MWCNTSs-NH, show addi-
tional current at suitably high pH due to oxidation of unproto-
nated -NH, groups. In contrast to the conventional voltammetric
method for solution phase molecules, based on peak potential
shifts upon addition of acid,** the pK, of the MWCNTs-NH, is
obtained by estimating the amount of free -NH, groups on the
surface via electro-oxidation on the assumption that the
protonated amino groups are electro-inactive in contrast to the
unprotonated groups. This allows the estimation of the pK, of the
CNTs in the drop-casted ensemble. The second method corre-
sponds to a nano-impact experiment of single MWCNTs-NH,
particles using a carbon microelectrode in the electrolyte solution
containing a suspension of MWCNTs-NH,. In the nano-impact
experiment, the random collisions of the particles in the
suspension with the electrode held at a suitable potential allows
electrochemical reactions to occur for the duration of the impact
whilst the particle is in electrical contact with the electrode.
Current-time traces (‘chronoamperometry’) are recorded as
a function of the potential and impacts are revealed by the
appearance of spikes and steps on the current.*** Both
MWCNTs and MWCNTs-NH, show impact signals consistent
with the voltammetry and, in the case of the impact spikes,
additional charge assigned to oxidation of unprotonated -NH,
groups which was measured as a function of the solution pH. In
this way, the integrated current-time spikes give the charge partly
associated with the oxidation of the -NH, groups and hence the
amount of free -NH, groups present as a function of pH. Thus,
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a larger charge is seen for higher pH (>4) where the groups are
essentially all unprotonated, whilst for pH < 2 a smaller but not
negligible current is seen since the electro-inactive -NH;" groups
dominate to reduce the magnitude of the current; the origin of
the remaining current is explored by comparison with analogous
measurements on MWCNTSs which do not contain amino groups.
In this way, the pK, of single MWCNTs-NH, can be found and
compared with the value obtained for ensembles via cyclic vol-
tammetry. The origin of the smaller current spikes seen on the
non-functionalized MWCNTs and the steps on both types of
CNTs are attributed in part to the oxidation of the carbon tubes
themselves with the formation of quinone groups and other
oxygen functionality as previously reported from cyclic voltam-
metry measurements allied to spectroscopic analysis®** in
addition to enhanced (catalyzed) solvent decomposition. Here we
report the first application of single entity electrochemistry (aka
‘nano-impacts’) to the electro-oxidation of single MWCNTSs.

Results and discussion

This section reports the electro-oxidation of MWCNTs and
MWCNTs-NH, using both cyclic voltammetry and nano-impact
experiments in the pH range of 0.3 to 6.4. The oxidative peak
currents seen in cyclic voltammetry of MWCNTs and MWCNTs-
NH, modified GCEs are compared with the average charge of
the current spikes and/or steps seen in nano impact experi-
ments from MWCNTs and MWCNTs-NH, particles, allowing
the contributions from the electro-oxidation of the CNTs to be
distinguished from the oxidation of the amino groups, if
present. The pH dependency of the latter is used to infer the pK,
of the amino groups. First the electro-oxidation of MWCNTSs
ensembles without functionalization are investigated using
cyclic voltammetry. Then to further confirm the oxidation
process, MWCNT particle impact experiments are conducted.

Cyclic voltammetry (CV) of MWCNTSs

To investigate the electrochemical oxidation of MWCNTs, cyclic
voltammograms at bare and MWCNTs modified GCEs were first
recorded in 0.1 M KNO; (pH adjusted to 6.4) in the potential
range from 0.1 V to 2.0 V vs. SCE at a scan rate of 50 mV s~ *. As
depicted in Fig. 1(A), there is a single chemically irreversible
oxidation peak observed at 1.68 V for the MWCNTs modified
GCE. The magnitude of the peak current increased linearly with
the amount of MWCNTs dropcast (Fig. 1(B)) and was assigned
in part (see below) to the electro-oxidation of the MWCNTs
based on its FTIR characterization indicating the existence of
-OH group bonded to MWCNTs (Fig. S1t) and previous
reports.**** Notably, previous work using CV and X-ray Photo-
electron Spectroscopy (XPS) analysis®***” has associated the
electrochemical oxidation of MWCNTs with increased oxygen
content and assigned the oxidative peak to the formation of
quinoidal and ketone functional groups at the surface of carbon
nanotubes. The formation of functional groups after electro-
chemical oxidation of the MWCNTs is also evident on the basis
of voltammetry. Fig. 1(C) shows the cyclic voltammograms of
MWCNTs modified GCE in 0.1 M KNO; (pH = 6.4) in which

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (A) Cyclic voltammograms of a bare GC electrode (black dashed curve) and a MWCNTs modified GCE (blue solid curve) immersed in 0.1 M

KNO3 solution (pH = 6.4) by sweeping the potential from 0.1V to 2.0 V vs. SCE; (B) voltammograms of MWCNTs modified GCEs with different
modification amount of 0.05, 0.1, 0.2, 0.4 and 0.8 ng MWCNTSs following background correction to the original cyclic voltammogram scanned in
0.1 M KNOs (pH = 6.4) (inlay: plot of oxidative peak current versus MWCNTs modification amount on the polished GCE); (C) cyclic voltam-
mograms of MWCNTs modified GCE recorded with a sweep from +1.0 V to —1.5 V after previous scan from 0.10 V to 1.78 V interrupted at
a potential of 1.78 V for different durations of 0 s—200 s in 0.1 M KNOs (pH = 6.4) (inlay: the cyclic voltammograms scanned across the full range
from 1.78 V to —1.50 V when the duration of the fixed potential oxidation was 200 s) (D) Cyclic voltammograms of a MWCNTs modified GCE
immersed in 0.1 M HNO3 (pH = 1.0) and 0.1 M KNOs solutions at different pH values of 2.5, 3.5, 4.0 and 6.4 (inlay: pH variable study of oxidative

peak current obtained from MWCNTs modified GCEs using CV after background subtraction as described in Experimental section). All vol-

tammograms were conducted at a scan rate of 50 mV s,

a potential scan from 1.0 V to —1.5 V with a return scan to 1.0 V
is held for different times (0, 50, 100, 200 seconds) at +1.78 V in
the middle of the scan, corresponding to a potential after the
oxidative peak attributed to the immobilized CNTs. Two
reduction peaks (¢; and c,) appeared at —0.34 + 0.14 V and
—0.75 + 0.16 V which increased in size in proportion to the
length of time held at +1.78 V. The voltammetric reduction
peaks ¢; and c, are similar to the behavior observed from the
quinone/hydroquinone system in acid solution.*’ The require-
ment however to hold the potential at an oxidizing value for
a period of up to 200 seconds in order to see a voltammetric
signal suggests that the formation of oxygenated species is not
the dominant process in the CV peak. Rather it is likely that the
peak represents a catalysis by the CNTs of the solvent oxidation
possibly further catalyzed by the simultaneously introduced
oxygen functionality. This is consistent with the enhanced
currents in the second anodic scans shown in Fig. 1(C).
However, we return to this issue below after nano impact
measurements are reported.

The pH variation of the oxidative peak at MWCNTs modified
GCEs was studied by recording CVs in the pH range 1.0 to 6.4
(Fig. 1(D)) as described in the Experimental section. The

© 2022 The Author(s). Published by the Royal Society of Chemistry

potential of the oxidative peak was pH independent with an
average value of 1.71 £ 0.03 V. The peak current data obtained
in MWCNTs modified GCEs after background subtraction were
plotted against the corresponding solution pH value (inlay of
Fig. 1(D)) again indicating independence of the electro-
oxidation of MWCNTs on pH in the range studied. This
suggests that the rate limiting step for the oxidation of the CNTs
leading to the introduction of oxygen functionality is slow
electron transfer prior to any proton release.

Electro-oxidation of MWCNTSs: nano-impact experiments

Nano impact experiments were conducted to probe the electro-
oxidation of MWCNTs via the collision of individual MWCNTSs
particles with a microelectrode held at different potentials. A
freshly polished carbon micro-disc electrode (diameter 33 pum)
was first inserted into a suspension of 0.01 g L~' MWCNTs
supported by 0.1 M KNO; with a pH of 6.4, as described in the
experimental section and separately for comparison into
a blank solution without particles. As seen in Fig. 2(A), at an
applied potential of 1.90 V vs. SCE, clear current steps and
spikes were seen in the presence of MWCNTs (black line)

Chem. Sci., 2022, 13, 1355-1366 | 1357
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MWCNTs modified GCE; (D) average step currents observed as a funct

ion of applied potential in 0.1 M KNOs (pH = 6.4) containing 0.01 g L™}

MWCNTSs (the error bars are derived from SD/(n)"/2, where SD is the standard deviation and n is the number of the spikes or steps).

whereas no spikes or steps were observed in the absence of
MWCNTs (red line). The average spike height (current) at 1.90 V
was calculated to be 0.64 + 0.06 nA and the average step height
(current) at 1.90 V were measured as 0.25 + 0.04 nA. Based on
the frequency of spikes and steps in each chronoamperogram
curve, the appearance ratio of spikes to steps is calculated to be
1.8 £ 0.7.

Further, impacts for the electro-oxidation of MWCNTSs were
observed at various potentials from 1.4 V to 2.0 V vs. SCE in the
same solution. It was found that clear current spikes were
observed in the chronoamperograms upon particle collisions
with the electrode held at oxidizing potentials (1.7-2.0 V) and
the current steps were observed in the chronoamperograms
upon particle collisions with the electrode held at oxidizing
potentials (1.6-2.0 V) (Fig. 3(A)-(D)). The rise times of the steps
at high potentials may in part be controlled by the charging of
the double layer associated with the CNTs. At and below 1.50 V,
no impact signals were detected (see Fig. S27). It is speculated
that the steps are primarily associated with CNT catalysis of the
solvent decomposition leading to the sustained currents seen
for the impact duration. On the basis of the cyclic voltammetry
reported above these will also be associated, to a smaller extent,
by the oxidation of the nanotubes themselves forming surface
functionality such as quinones. These may further enhance the
catalysis of the solvent decomposition** corresponding to the
oxidation of water to oxygen. The mean impact frequencies and

1358 | Chem. Sci, 2022, 13, 1355-1366

duration of impact signals as a function of potential are plotted
in Fig. S3(A) and S3(B)T respectively, the frequency of spikes and
steps were found to only slightly increase while each average
duration stayed nearly the same from which over the potential
range of 1.7 to 2.0 V. The step features require a sustained
electrical contact between the tube and the electrode of average
duration 4.6 £+ 0.9 s (43 measurements). In contrast the spike
features require a much shorter contact time (of average length
12 + 1 ms from 53 measurements) and may reflect simply the
end of a tube contacting the electrode. In this case, given the
known greater susceptibility of tube ends to electrochemical
reaction,*>** these may be associated with the oxidation of the
CNTs to oxygenated functionality. Fig. 4 shows a schematic view
of the possible different collisions associated with the spikes
and steps.

The average charges of the individual spikes and steps from
the collision of MWCNTs were measured as a function of the
applied potential and the results are shown in Fig. 2(B) and (C)
where the turn on of the electro-oxidation is seen to be
consistent with cyclic voltammogram of MWCNTs modified
GCEs in the same solution. A plateau of ca. 0.41 pC per spike
was seen when the potential exceeded 1.90 V, but no spikes were
observed at the potential more negative than 1.70 V, indicating
that those spikes are a result of MWCNTs oxidation. The same
condition occurred in the steps when the potential was more
positive than 1.60 V, the average charge was seen to increase

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 A schematic view of the possible different collisions of a single
MWCNT on the micro-disc electrode (d = 33 um) associated with the
spikes and steps.

gradually and reached a constant level around ca. 0.50 nC but
no steps were observed at the potential more negative than
1.60 V. The small difference in onset potentials might be
speculated to indicate a different extent of the solvent oxidation

© 2022 The Author(s). Published by the Royal Society of Chemistry

as compared to oxidation of the CNT. The average impact step
current plotted against the applied potential (Fig. 2(D)) indi-
cated an upward trend over a potential range from 1.60 V
consistent with the predominant process being water oxidation.

The insensitivity of the impacts (spikes and steps) to pH was
demonstrated via an experiment carried out at a potential of
1.90 Vin 0.1 M HNO; (pH = 1.0) containing 0.01 g L' MWCNTSs
suspension. Concerning the spikes, these had an average
charge of 0.40 & 0.03 pC as measured from 48 current spikes
consistent with the average charge from the oxidative spikes
obtained in 0.1 M KNO; at pH = 6.4 as reported above 0.43 +
0.05 pC (the charge distribution is seen in Fig. S4(A) and S4(B)+
respectively). The oxidative impact responses of MWCNTs
particle have an average frequency of 0.053 + 0.019 s %,
consistent with the 0.051 + 0.012 s~ ' frequency of the spikes
observed in chronoamperograms in 0.01 g L”* MWCNTSs + 0.1 M
KNO; (pH = 6.4).

As for the steps appeared in 0.1 M HNO; (pH = 1.0) in the
presence of MWCNTs, an average charge of 0.47 = 0.05 nC as
measured from 52 current steps. Compared with the average
charge from the oxidative steps obtained in 0.1 M KNO; at pH =
6.4 (0.48 + 0.07 nC) (the charge distribution is seen in Fig. 4(C)
and S4(D)f respectively). The oxidative impact responses of
MWCNTs particle have an average frequency of 0.044 £ 0.008
s~', consistent with the 0.040 £ 0.007 s~ * frequency of the steps
observed in chronoamperograms in 0.01 g L' MWCNTSs + 0.1 M
KNO; (pH = 6.4). The result from the single electrochemistry of
MWCNTs again indicates that the electro-oxidation reaction
extent of pure MWCNTSs is not controlled by solution pH.

Chem. Sci., 2022, 13, 1355-1366 | 1359
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The much larger charges resulting from the sustained
currents seen in the steps are consistent with the assignment of
these features to CNT catalyzed solvent decomposition. More-
over, the charges passed in the impact steps (0.48 + 0.07 nC) are
comparable in magnitude to those seen in the cyclic voltam-
metry when measured on a per nanotube basis (0.46 nC, see ESI
Section 57 for details). This suggests that the peak seen in the
cyclic voltammogram is not due to the formation of a finite
number of oxygenated functionality, as also suggested by the
relative size of the reductive CV features discussed above, but
rather might be attributed to the porous nature of the CNT layer
on the electrode surface (~at least 13 layers, see ESI Section 67)
which can trap the protons released in the oxidation of the
water leading to a local build-up of acidity. However, the above
data indicates that the currents resulting from CNT catalysis of
the solvent oxidation are insensitive to the value of the pH and
hence the inhibition of the CNT catalyzed solvent decomposi-
tion resulting in a voltammetric peak may result from excessive
electro-oxidation of the CNTSs, consistent with the data in
Fig. 1(C) showing not only progressively increasing oxygen
functionality resulting from sustained electro-oxidation but
also a change in the reductive voltammetric signal.
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We next consider the origin of the spike currents where the
charge is passed for ca. 12 £ 1 ms before terminating. These
may reflect different types of CNT-electrode collision than occur
during the step features. Since the latter persist with a steady
current for tens of seconds, we suggest that the steps require
electrical contact between the micro-disc electrode and CNT via
the sides of the tubes, see Fig. 4. The spikes may reflect elec-
trical contacts between the tube ends and the electrodes with
the short, finite duration controlled either by the nature of the
collision or, possibly, by the formation of insulating function-
ality via oxidation of the tube ends. The latter possibility is
discounted by the calculation (see ESI Section 7t) that the
average charge per spike results in rather more functional
groups than could be accommodated at the end of a nanotube.

Cyclic voltammetry (CV) of MWCNTs-NH,

Next the electrochemical behavior of MWCNTs-NH, was
explored by applying cyclic voltammetry first in 0.1 M KNO; (pH
= 6.4) at a scan rate of 50 mV s~ '. The potential range was
chosen to be from 0.1 V to 2.0 V as shown in Fig. 5(A). In
comparison with the MWCNTs modified GCE, a larger oxidative
peak appeared with a peak potential of ca. 1.72 V vs. SCE under
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(A) Cyclic voltammograms of MWCNTs modified GCE (blue curve) and MWCNTs-NH, modified GCE (red curve) immersed in 0.1 M KNOs

solution (pH = 6.4); (B) voltammograms of MWCNTs-NH, modified GCEs with different modification amount of 0.05, 0.1, 0.2, 0.4 and 0.8 pg
MWCNTs-NH; following background correction to the original cyclic voltammogram scanned in 0.1 M KNOs (pH = 6.4) (inlay: plot of oxidative
peak current versus MWCNTs-NH, modification amount on the polished GCE); (C) cyclic voltammograms of MWCNTs-NH, modified GCE
recorded at +1.0 Vto —1.5V after previous scan from 0.10 V to 1.78 V with a hold at a potential of 1.78 V for different duration of 0 s—=200sin 0.1 M
KNOs (pH = 6.4) (inlay: the cyclic voltammograms scanned across the full range from 1.78 V to —1.50 V when the held time was 200 s); (D) cyclic
voltammograms of MWCNTs-NH, modified GCE immersed in 1.0 M HNOg3 (pH = 0.3), 0.1 M HNO3 (pH = 1.0) and 0.1 M KNOs solutions at
different pH of 2.0, 2.5, 3.0, 3.5, 4.0, 5.0 and 6.4. All the voltammetry were conducted by using sweep potential from 0.10 V to 2.0 V vs. SCE at
a scan rate of 50 mV s~ (inlay: pH variable study of oxidative peak current obtained from MWCNTs-NH, modified GCE using CV).
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similar modification conditions. A good linear relationship
between the height of the peak current and the amount of
MWCNTs-NH, drop-cast was observed as shown in Fig. 5(B).

Analogous experiments to those conducted for MWCNTSs
were made to investigate the reductive voltammetric behavior
following electro-oxidation of the MWCNTs-NH, at 1.78 V,
focusing on the potential range from +1.0 Vto —1.5 V. As seen in
Fig. 5(C), two cathodic peaks appeared at —0.40 & 0.05 V (¢’;)
and —0.78 £ 0.14 V (¢',) similar to what was seen in the cyclic
voltametric behavior of MWCNTSs again suggesting that a small
amount of the oxidative current is used to introduce oxygen
containing functionality but that most of the current is CNT
catalyzed solvent oxidation.

Cyclic voltammograms were recorded at different scan rates
in the range of 25-400 mV s~ ' in 0.1 M HNO; (pH = 1.0) and
0.1 M KNO; (pH = 6.4). Polynomial fitting curves were used to
infer the charge passed on a MWCNTs-NH, modified GCE as
a function of scan rate (Fig. S61). Extrapolation of the reciprocal
charge against scan rate to zero scan rate gave the average
charge of 6.0 mC in 0.1 M HNO; (pH = 1.0), which is approxi-
mately consistent with the charge passed at a MWCNTs modi-
fied GCE (7.0 mC) representing a similar extent of solvent
oxidation and functional group formation in both types of CNT
since the mass drop cast was the same in both cases and the
individual tubes have similar surface areas (see Table 1).
However, a clear difference was noticed for the average charge
passed on a MWCNTs-NH, modified GCE in 0.1 M KNO; (pH =
6.4) which was markedly larger than that at pH 1 and calculated
to be 9.5 mC, suggesting that the presence or not of deproto-
nated -NH, groups is greatly possible factor whereby the amine
groups are deprotonated at high pH but protonated at pH 1
such that they are easily electro-oxidized at the higher pH but
not at the lower pH.

To explore this possibility, the variation of the magnitude of
the oxidative peak as a function of solution pH was measured in
the range from 0.3 to 6.4. Fig. 5(D) shows an overlay of cyclic
voltammograms for the oxidation of MWCNTs-NH, modified
GCEs in various electrolytes: (a) 1.0 M HNO3, (b) 0.1 M HNO;
and (c) 0.1 M KNO; of different pH as controlled by small
additions of 0.1 M HNO; or 0.5 M KOH assuming no ion pairing
between nitrate and amino-groups on the CNTs.*** In this way
the pH ranges from 0.3 to 6.4 was studied. The potential of the
irreversible oxidative peak was unchanged with variation in pH
with an average value of 1.73 £+ 0.03 V. However, the plot of
oxidative peak currents against pH value (inlay of Fig. 5(D))
shows an obvious pH-dependence in contrast to the MWCNTSs
modified GCEs. Specifically, the peak current was essentially pH
independent between pH values of 0.3 to 2.5, then between pH
2.5 and 3.5, the height of oxidative peak current rose sharply as

Table 1 The dimensions of MWCNTs and MWCNTs-NH,»

MWCNTs MWCNTSs-NH,
Diameter 30 nm 15 nm
Length 20 pm 50 pm

External surface area 1.9 x 10 ** m? 2.3 x 1072 m?

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the pH was increased. Finally at pH above 4.0, the oxidative
peak current remained stable. Overall a characteristic sigmoid-
like ‘titration curve’ curve was seen. The magnitude of the
current seen in the lowest pH range is of the same order of
magnitude to that recorded for unmodified MWCNTs (albeit of
different radius and length to the MWCNTS), suggesting that
the same electrocatalytic solvent oxidation reaction as noted
above for MWCNTSs is also seen in MWCNTSs-NH, and occurs at
essentially the same potential in both types of CNT. It is inferred
that the oxidation potential of the unprotonated -NH, groups
approximately coincides with that of the electro-oxidation of the
solvent. It is worthwhile to mention that the rate limiting step
for the solvent oxidation and amino groups on the MWCNTSs are
inferred in each case to be the electron transfer prior to any
proton release as reflected in the independence of the corre-
sponding oxidation potentials on pH.

The additional current observed at higher pH is attributed to
the oxidation of unprotonated -NH, groups where further
follow up chemistry is probable, on the basis of electro-
oxidation mechanism of aromatic amines proposed by Wein-
berg,*” considering that aromatic amines usually have analo-
gous hexatomic ring structure as is present in CNTs and
generically show a single oxidative peak at a potential above
1.0 Vs. SCE when oxidized at a carbon working electrode under
acidic conditions.*®* This possible mechanism also provides
a reasonable explanation for the formation of the sigmoid-like
‘titration’ curve of oxidative peak height versus pH value.
However, it is noted that the oxidation of the -NH, groups
results in the release and build-up of protons so changing the
local pH and extent of solvent oxidation. This precludes quan-
titative analysis of the CVs by subtraction of the ‘blank’
responses. Owing to the acid-base characteristics of the -NH,/-
NH;" pair, the electro-oxidation extent of electro-active -NH,
decreases when the solution became more acidic as the gener-
ation of the protonated species.

Single particle electrochemistry of MWCNTs-NH,,

Analogous nano-impacts experiments of MWCNTs-NH, to those
made for MWCNTs were conducted in 0.1 M KNO; (pH = 6.4)
containing 0.01 g L™' MWCNTs-NH, at a freshly polished
carbon micro-disc electrode. At a fixed potential of 1.90 V vs.
SCE, clear impact signals (steps and spikes) as with MWCNTs
were observed (Fig. 6).

Analysis of the step data showed that in terms of average
current, duration and frequency, it was essentially indistin-
guishable from that recorded for MWCNTs using solutions of
varying pH from 0.3 to 6.4 (representative chronoamperograms
are shown in Fig. S7(A)-(E)}). The average step current seen only
in the presence of MWCNTSs-NH, fluctuated at 0.26 + 0.06 nA
which is close to the value (0.27 & 0.04 nA) obtained from 0.1 M
KNO; (pH = 6.4) containing MWCNTSs and was pH independent
(Fig. S7(F)t). The corresponding oxidative step frequency under
different pH condition (Fig. S8(A)t) stay nearly constant with
a mean value of 0.039 £ 0.005 s, close to the frequency (0.037
+ 0.008 s~ 1) of the steps observed in 0.1 M KNO; (pH = 6.4)
containing 0.01 ¢ L~' MWCNTs (albeit of different radius and
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SCE. The inset is an enlarged view of impact spike and step at 1.90 V in
the presence of MWCNTs-NH,.

length). The step duration was found to be steady at 4.8 £ 1.0 s
(Fig. S8(B)t) again consistent with what is seen in the presence
of non-functionalized MWCNTs (4.7 £ 0.9 s).

The spike data however showed interesting contrasts with
those seen for MWCNTs. The average charge from 89 spikes (the
charge distribution is shown in Fig. S91) for MWCNTs-NH, at
1.90 V (0.62 £ 0.02 pC) was higher than the value (0.43 £ 0.05
pC) obtained from the collision of MWCNTs particle in 0.1 M
KNO; (pH = 6.4), suggesting the oxidation of unprotonated
-NH, groups bonded to MWCNTs.

To investigate the oxidative charge variation of MWCNTSs-
NH, as a function of pH, current-time transients were recorded
in solutions varying pH from 0.3 to 6.4 (Fig. 7(A)). The average
charges of the individual spikes from the collision of MWCNTs-
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NH, were measured as a function of the pH and the results
(Fig. 7(B)) show two plateaus one at high (>3.7) and the other at
low (<1.8) pH, which agree well with the variation of the
oxidative peak current against pH variation observed in CV and
again can be attributed to the different extents of amino group
oxidation reflecting whether the amine groups are protonated
or not. The corresponding oxidative spike frequency under
different pH condition (Fig. S8(A)f) stay nearly the same with
a mean value of 0.048 & 0.010 s, close to the frequency (0.051
+ 0.012 s ") of the spikes observed in 0.1 M KNO; (pH = 6.4)
containing 0.01 g L' MWCNTs (albeit of different radius and
length but similar area). While the spike duration was found to
be unchanged at 15 £+ 2 ms (Fig. S8(B)t) that is only slightly
higher than that in the presence of non-functionalized
MWCNTs (12 + 1 ms). All the results evidenced that transient
electrocatalysis of solvent oxidation and oxidation of the
deprotonated amino groups on the MWCNTs jointly contrib-
uted to the electro-oxidative spikes see for MWCNTSs-NH, but
the latter resulted in a titration-like curve based on the experi-
mental data from single and ensemble electrochemical
behavior.

Determination of MWCNTSs-NH,, pK, using cyclic voltammetry
and nano impact data

The average pK, of the amino groups in MWCNTs-NH, is
defined by the equilibrium between protonated and unproto-
nated amino groups functionalized on the surface of carbon
nanotubes:

MWCNTs-NH, + H* = MWCNTs-NH;3"

MWCNTs-NH,
MWCNTs-NH;*

(1)

pH = pK, +logy, (2)

In the following we estimate the pK, from both the CV and
impact data. First from the CV we assume that the difference in
the peak current seen in acid (-NH;" only present) and in near
neutral condition (-NH,, exclusively present) reflects the extent
of the deprotonation inferred in solution of higher pH. Thus,
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(A) Representative chronoamperograms of a carbon micro-disc electrode immersed ina 1.0 M (pH = 0.3) and 0.1 M HNO3 (pH = 1.0) and

0.1 M KNOs solutions at different pH values of 1.8, 2.7, 4.1 and 5.3 containing 0.01 g L™ MWCNTs-NH, at a potential of 1.90 V vs. SCE; (B) the
comparison of oxidative peak current from CV (black dots) and average charge from oxidative spikes (blue dots) as a function of solution pH.
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(A) Relationship between oxidative peak current of MWCNTs-NH, modified GCE and pH value of solution; (B) relationship between

average charge of oxidative spikes and pH value of solutions in the presence MWCNTs-NH, (black square: experimental data; black solid line:

simulated curve, and red dotted line: differential curve of experimental

the oxidative peak current (I,) at a MWCNTSs-NH, modified GCE
reflects two parts: the deprotonated [MWCNTs-NH,] and
protonated [MWCNTSs-NH;'], then I, can be described as:
I, = Inu [MWCNTs-NH,] + Iy [MWCNTs-NH;']  (3)
Assuming the sum [MWCNTs-NH,] + [MWCNTs-NH;'] is

a constant, according to eqn (1)-(3), the following equation can

be obtained (4):
Iyt — Ingy 1)

I, — Inn,

pK, = pH —log, ( 4)
where Iy, and Iy, can be determined by the average values at
high pH (>4) and low pH (<2). As shown in Fig. 8(A), the black
solid line is the simulated curve using Origin Pro 2020 non-
linear fitting function based on eqn (4) (R> = 0.9942), and pK,
of MWCNTs-NH, was determined by the incremental ratio
(dIp/dpH) expressing the differential value from the simulated

Fig. 9 Schematic structure of the single layer of MWCNTs-NH,.

© 2022 The Author(s). Published by the Royal Society of Chemistry

data).

curve data. The first derivative calculated for points could help
to identify the equivalence point of the “titration” from its
maximum value. Therefore, from the differential curves
(Fig. 8(A) red dotted line), the pK, of MWCNTs-NH, was esti-
mated to be 2.7 & 0.1 based on the CV data.

For comparison, the pK, of amino group in MWCNTSs was
also estimated using the experimental data from nano impact.
Using the same assumptions as above, a non-linear curve was
fitted (see ESI Section12t) to the average charge of oxidative
spikes as a function of pH was plotted in Fig. 8(B) (R* = 0.9656,
black solid line). The differential curve (red dotted line) re-
flected the change of incremental ratio (dQ/dpH) and the
highest inflection point was estimated to be 2.3 & 0.1 as the pK,
of amino groups on the MWCNTSs, which is slightly smaller than
that inferred using the CV method. The breadth of the transi-
tion from low to high pH in Fig. 8(A) and (B) are similar and may
reflect the response of amino groups in different locations on
the tube surface.

Conclusions

The electro-oxidation of MWCNTs and MWCNTSs-NH, have been
studied by single and ensemble electrochemistry respectively
within the range of pH values from 0.3 to 6.4. It opens up a new
and generic approach to the study of the oxidation of entities
made of carbon allotropes and of different forms of CNTs in
particular. The MWCNTs-NH, and the MWCNTs at all pHs
studied show catalysis of the solvent (water) decomposition
together with the introduction of new surface functionality. The
case of MWCNTSs-NH, at higher pH shows excess oxidative charge
in the case in impact spikes and peak current in the CV. The
excess faradaic component is attributed to the electro-oxidation of
the amino group when deprotonated, a process which is inhibited
when they exist in the -NH;" form. Based on the pH variation of
oxidative peak current in MWCNTs-NH, modified GCE and the
oxidative spike average charge of one single MWCNTs-NH,
particle, the pK, values of -NH, bonded to MWCNTs determined
by two ways in our work are estimated to be around 2.5 at 298 K.
This study will assist in controlling and rationalizing the chemical
reactivity of the -NH, groups bonded to carbonaceous material
utilized as a catalyst or support composites.

Chem. Sci., 2022, 13, 1355-1366 | 1363
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Experimental section
Chemicals and reagents

Amino multi-walled carbon nanotubes (MWCNTSs-NH,, amino
ratio: ~0.45 wt%, outer diameter = 8-15 nm, inner diameter =
3-5 nm, length = 50 pm) were purchased from Nanjing
XFNANO Materials Tech Co., Ltd (Nanjing, China). The
MWCNTs-NH, were synthesized via the following procedure of
three steps: (i) the introduction of carboxylic acid groups at
defects (tube ends, vacancies, etc.) in the MWCNTs made by
chemical vapor deposition (CVD) to form MWCNTs-COOH; (ii)
the reaction of the -COOH groups to form -CO-NH, groups via
chemical reaction with liquid ammonia;* (iii) decarbonylation
to remove the carbonyl group, so that the amino groups become
directly linked with carbon atoms in the MWCNTs to obtain the
final product MWCNTSs-NH,, the structure is shown schemati-
cally in Fig. 9 with the NH, group attached to an aromatic ring.

Bamboo like multiwall carbon nanotubes (MWCNTSs,
BPD30L5-20, diameter = 30 + 15 nm, length = 5-20 um) were
purchased from Nanolab (Brighton, MA, USA). The MWCNTs
and MWCNTs-NH, were used for comparative experiments as
described below. Their dimensions are compared in Table 1 and
it is noticed that the external surface area of the two different
types of individual carbon nanotubes are similar (~2 x 10~*?
m?) so permitting comparisons made below.

All chemicals were of analytical grade and were used as
received without any further purification. Nitric acid (HNOs,
70%), potassium hydroxide (KOH, 85%), potassium nitrate
(KNO3z, 99.99%), ethanol (=99.8% purity) were obtained from
Sigma-Aldrich (Dorest, UK). 0.1 M KNO; with different pH
values (adjusted by additions of 0.1 M HNO; or 0.5 M KOH) was
used as a supporting electrolyte in all cyclic voltammetric and
chronoamperometric measurements. All solutions
prepared in ultra-pure water at a resistivity of 18.2 MQ c¢m at 298
K (Millipore, MA, USA) and were deaerated thoroughly with
nitrogen (99.998%, BOC Gases plc) before use.

were

Cyclic voltammetry of MWCNTs and MWCNTs-NH, modified
GCEs

A suspension of 0.1 g L~' MWCNTs-NH, was prepared by add-
ing 1.0 mg of MWCNTs-NH, to 10 mL ethanol. The suspension
was then sonicated for 30 min in a Fisher Scientific FB15050
ultrasonic bath to get a well-dispersed solution. The glassy
carbon macro electrode (GCE, diameter = 3.02 £ 0.005 mm)
was polished carefully using alumina with decreasing particle
sizes of 1.0, 0.3 and 0.05 pm (Buehler, IL, UK) in turn on soft
lapping pads (Buehler, UK), followed by rinsing with ultra-pure
water and drying with nitrogen. The freshly polished GCE was
modified by drop-casting a 2 pL (0.2 pg of MWCNTSs-NH,)
suspension of MWCNTs-NH, and left to dry under vacuum.
Cyclic voltammetry (CV) was carried out in a Faraday cage at 298
K using an EC-Lab potentiostat (SP-200 with ultra-low current
module, Biologic Science Instruments, France). A conventional
three-electrode system was operated with a MWCNTs-NH,
modified GCE as the working electrode, a saturated calomel
electrode (SCE, ALS distributed by BASi Inc., Japan) used as the
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reference electrode and a graphite rod as the counter electrode.
Based on the same procedure as above, MWCNTs modified
GCEs were prepared again with 0.2 pg of MWCNTs via drop
casting and studied voltammetrically in an analogous way to the
MWCNTSs-NH, modified GCEs.

To investigate the electrochemical oxidative peak current
obtained by MWCNTs and MWCNTs-NH, modified GCEs at
variable pH, CVs were conducted by immersing a freshly
prepared MWCNTs modified GCE or MWCNTs-NH, modified
GCE respectively in a 1.0 M HNO; (pH = 0.3), 0.1 M HNO; (pH =
1.0) and 0.1 M KNOj; solution at different pH values of 2.0, 2.5,
3.0, 3.5, 4.0, 5.0 and 6.4 by changing the addition amount of
0.1 M HNO; or 0.1 M KOH under degassed conditions as above.
The potential window was chosen as +0.1 V to +2.0 V vs. SCE.
The voltammograms were recorded at a scan rate of 50 mV s~ .
A control experiment was also performed in the same solution
but on a bare GCE.

To determine the voltammetric signals from the oxidation of
MWCNTs and MWCNTs-NH, quantitively, the peak current was
found using OriginPro 2020 after background correction of the
raw cyclic voltammograms. This is illustrated in Fig. S10 (ESI
Section 13%), where a baseline spline is fitted between the
potentials at which the voltammetric wave is judged to have
started and ended, then subtracted from the peak to obtain the
actual peak height.

To investigate possible surface functional group formation
on electro-oxidation voltammetry, CV was conducted using
MWCNTSs or MWCNTs-NH, modified GCE in 0.1 M KNO; (pH =
6.4) by first sweeping from +0.10 V to +1.78 V then applying
a fixed potential of +1.78 V for 0 s, 50 s, 100 s and 200 s
respectively. After that, the potential was swept from +1.78 V to
—1.50 Vand back to +1.0 V under degassed conditions as above.
The voltammograms were recorded at a scan rate of 50 mV s~ .

Nano-impact experiments of MWCNTs and MWCNTs-NH,

Nano-impact experimental measurements were performed by
chronoamperometry using an EC-Lab Biologic potentiostat
where the charge passed during the impact events was
conserved. A carbon micro-disc electrode of nominally 33 um
diameter (IJ Cambria Scientific Ltd, UK) was used as the
working electrode. Before each experiment, it was polished as
described above. Pure MWCNTSs was separately dispersed into
0.1 M HNO; (pH = 1.0) and 0.1 M KNO; (pH = 6.4) to form
a uniform suspension (0.1 mg/10 mL) after 30 minute sonica-
tion. Then the measurements of current at various potentials in
the range from 1.4 V to 2.0 V vs. SCE (“chronoamperometry”)
were performed on the 0.1 M KNO; (pH = 6.4) solution con-
taining dispersed MWCNTSs after bubbling with nitrogen for 10
minutes. An atmosphere of nitrogen was maintained during the
experiments. Control experiments were conducted in the pres-
ence of 0.01 g L' MWCNTs-NH, suspension. The effect of pH
condition on the chronoamperometric current spikes and steps
produced was investigated by placing the freshly polished
carbon micro-disc electrode into 1.0 M HNO; (pH = 0.3), 0.1 M
HNO; (pH = 1.0) and 0.1 M KNO; solution at different pH
values of 0.3, 1.0, 1.8, 2.4, 2.7, 3.6, 4.1, 5.3 and 6.4 (adjusted by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a small addition of 0.1 M HNO; or 0.5 M KOH) containing 0.01 g
L~' MWCNTs-NH, suspension or not. The data analysis
program “Signal Counter” (Centre for Marine and Environ-
mental Research, Zagreb, Croatia)®* was employed for making
impact spike identification and individual spike charge deter-
mination. Counting and analysis of the impact step signals were
performed in OriginPro 2020.
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