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ABSTRACT: An inexpensive, solution phase modification of flat carbon electrodes by
electrochemical reactions of a 1,8-diaminonaphthalene derivative results in a 120- to 700-
fold increase in capacity by formation of a 15−22 nm thick organic film. Modification of
high surface area carbon electrodes with the same protocol resulted in a 12- to 82-fold
increase in capacity. The modification layer contains 9−15% nitrogen present as −NH−
redox centers that result in a large Faradaic component involving one H+ ion for each
electron. The electrodes showed no capacity loss after prolonged cycling in 0.1 M H2SO4
and exhibited significantly higher charge density than similar reported electrodes based on
graphene and polyaniline. Investigation of the deposition conditions revealed that N-
doped oligomeric ribbons are formed both by diazonium ion reduction and
diaminonaphthalene oxidation, and the 1,8 isomer is essential for the large capacity
increases. The capacity increase has at least three contributions: increased microscopic
surface area from ribbon formation, Faradaic reactions of nitrogen-containing redox
centers, and changes in ribbon conductivity resulting from polaron formation. An aqueous
fabrication process was developed which both increased capacity and improved stability and was amenable to industrial production.
The high charge density, low-cost fabrication, and <25 nm thickness of the diaminonaphthalene-derived films should prove attractive
toward practical application on both flat surfaces and in high surface area carbon electrodes.
KEYWORDS: supercapacitors, renewable energy, diazonium reduction, Faradaic energy storage, conducting polymer/carbon composites,
N-doped carbon materials

1. INTRODUCTION

Climate change and fossil fuel depletion have stimulated a
substantial research effort into the development of energy
storage materials that can efficiently harness energy from
renewable sources such as solar and wind.1,2 The most well-
known energy storage devices are batteries, where energy is
stored in chemical bonds and released via redox reactions
(rechargeable batteries) or intercalation (Li ion batteries).1

Batteries are typically characterized as having high energy
density but low power density and limited stability.3

Conversely, supercapacitors (SCs) rely on surface processes
and ion motion rather than Faradaic reactions for energy
storage. This permits faster charge/discharge times, increased
power density, and improved cycle stability; however, the
energy density of SCs tends to be orders of magnitude lower
than that of batteries.4,5 As a result, research is ongoing in the
development of SC electrodes that possess energy densities
comparable to those of batteries without compromising power,
rate capability, and cycle life.6

Current commercially available SCs utilize activated carbon
electrodes,7 which store energy via electrical double layer
capacitance (EDLC), enabled by the formation of an ionic
double layer at the electrode/electrolyte interface. Carbon
electrodes are environmentally friendly, are lightweight, and

possess good EDLC properties due to their high surface area
and good electrical conductivity.3,4 To improve the capacity of
carbon SCs, redox active groups can be physi- or chemisorbed
to the surface.8 Redox active materials such as RuO2 and
MnO2 provide additional pseudocapacitance (PC) with the
electrochemical signature of a capacitive electrode (linear
dependence of charge stored with changing potential), but the
charge storage results from electron-transfer processes.9 Other
redox active materials, including nickel and cobalt oxides/
hydroxides, and conducting polymers increase the energy
storage capacity of the electrodes through Faradaic reactions.10

The Faradaic reactions increase the total energy storage
capacity of the electrodes but typically suffer from reduced
power density and decreased stability compared to
EDLCs.11,12 Developing carbon-based materials with cova-
lently bonded redox active groups should enable electrode
materials with the high surface area, conductivity, rate
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capability, and stability characteristics of EDLC but with
increased energy density.2,7

In previous work, we described a protocol for enhancing the
capacity of both flat carbon substrates and commercially
available high surface area carbon black powders.13 A solution-
based, electrochemical grafting process using 1,8-diaminonaph-
thalene resulted in the growth of ribbonlike structures on the
carbon surfaces. A 20−100× increase in the areal capacity of
flat carbon surfaces and a 10−20× increase in gravimetric
capacity for high surface area carbon were observed. The
capacity enhancement was partially due to a distinct Faradaic
process in acidic electrolyte, possibly related to the nitrogen
content in the organic film. In the current study, we have
developed this grafting protocol further to establish how
different grafting parameters influence the total capacity
enhancement. By tuning certain fabrication parameters, both
the nitrogen content and areal capacity were varied, in order to
further optimize electrode performance. In addition, a more
commercially attractive aqueous grafting procedure was
investigated and yielded promising results on both flat and
high surface area carbon materials.

2. RESULTS AND DISCUSSION
Previously, pyrolyzed photoresist films (PPFs), which are sp2-
hybridized carbon substrates with near atomic flatness, <0.5
rms roughness by atomic force microscopy (AFM),14 and very
low areal capacitance, were electrochemically modified using
1,8-diaminonaphthalene (1,8-DAN). It was proposed that
treatment of an acetonitrile (ACN) solution of 1,8-DAN with
tert-butylnitrite (tBN) converted the amine functional groups
to diazonium moieties, which could subsequently be reduced
electrochemically to a biradical that reacts with the carbon
substrate to give a film of “graphenic nanoribbons”.13,15

Voltammetry in 0.1 M H2SO4 electrolyte showed a 41×
enhancement in the voltammogram area compared to
unmodified PPF (Figure 1, blue), including a large Faradaic
component centered at ∼0.2 V vs Ag/AgCl. In the current
work, we first investigated aqueous diazotization conditions
using NaNO2 in acidic solution, which has been reported as an
alternative to using isolated diazonium salts or tBN in
acetonitrile.16−18 In addition to much lower cost, the NaNO2
reaction can be conducted with an accurate 2:1 stoichiometric
ratio, while tBN requires a higher and often variable ratio.19 As
described in detail in the experimental methods, voltammetric
reduction of a 50/50 (v/v) solution of aqueous HBF4 and
ACN containing NaNO2 (4 mM), 1,8-DAN (2 mM), and
HBF4 (0.05 M) on a PPF electrode followed by rinsing with
ACN and immersion in 0.1 M H2SO4 yielded the red curves of

Figure 1. Similar to the PPF surface modified with the tBN
protocol, voltammetry shows a significant increase in the
enclosed area and distinct Faradaic features. However, unlike
the tBN layer, the voltammetry for the NaNO2 layer shows two
clear redox features, especially apparent at lower scan rates
(Figure 1, right panel), indicating that films grafted by this
protocol possess multiple redox centers. As the grafted
electrodes show well-defined redox peaks in the voltammetry
it is incorrect to describe them as pseudocapacitive.
Capacitance (Farads) by definition is constant throughout
the applied potential range, and therefore common PC
materials (MnO2 and RuO2) give rectangular voltammo-
grams.9,20 Because the modified surfaces studied in this work
clearly exhibit Faradaic and not purely capacitive behavior,
values of capacity (Coulombs per cm2/g) are reported, as this
is the most appropriate metric for describing the charge storage
performance of redox materials.10 Additionally, the linearity of
observed current vs scan rate for the tBN and NaNO2 samples
of the redox peaks and in the EDLC region at +0.6 V
(Supporting Information, Figures S3 and S4) verifies that both
are surface rather than diffusion controlled, unlike a traditional
battery-type material.1,21

Constant current charge−discharge (C/D) cycling is more
representative than voltammetry of how a device would
operate in practice.1 In order to determine the total capacity
enhancement and the enhancement due to EDLC only, two
potential ranges were recorded, one from −0.2 to +0.8 V vs
Ag/AgCl to determine total capacity and a second from +0.35
to +0.65 V to measure predominantly EDLC. Figure 2A,B
shows repeated C/D cycles at an applied current density of 0.1
mA cm−2 for bare PPF for the two potential ranges, and the
indicated capacity was determined from the discharge time. As
expected, C/D curves for bare PPF are triangular and weakly
dependent on potential region, consistent with EDLC and a
minimal Faradaic component.21,22 After modification with 1,8-
DAN using either the tBN (Figure 2C,D) or NaNO2 (Figure
2E,F) procedures, the C/D responses for both modified PPF
samples show redox features in the full −0.2 to +0.8 V range,
characterized by nonlinear regions and much longer discharge
times compared to bare PPF. The potentials of the nonlinear
regions correspond well with the redox peaks apparent in the
voltammetry of Figure 1, and capacity values calculated from
the discharge time are provided in Table 1. Comparison before
and after modification for the +0.35 to +0.65 V region showed
an approximate 6× increase and 5× increase in EDLC for the
tBN and NaNO2 samples, respectively, indicating an increase
in the ion accessible surface area available for double layer
formation. The triangular shape indicates that over this

Figure 1. Voltammetry of modified PPF substrates in 0.1 M H2SO4, at 200 and 50 mV s−1. Samples grafted with the tBN protocol in blue, the
NaNO2 protocol in red, and unmodified PPF in black. Capacity calculated by integrating area enclosed by voltammogram. Voltammetry was started
at OCP (+0.3 V vs Ag/AgCl) in all cases. H2SO4 degassed with argon for 10 min prior to measurement.
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potential region the charge storage is capacitive and not
Faradaic. The total capacity over the 1 V potential window
showed a remarkable 120× increase for the tBN sample, and
an even larger 193× increase for the NaNO2 sample, compared
to unmodified PPF. While the increase in EDLC is significant,
it represents only 2−5% of the total capacity enhancement,
depending on the diazotization agent. An alternative method,
based on work by Kaner et al.,1 for determining the different
contributions of each component is to calculate the capacity
over small potential ranges from the 1 V C/D experiment
(Supporting Information, Figure S5). The capacity was
calculated from +0.7 to +0.5 V (EDLC region), and +0.1 to
−0.1 V (Faradaic region). The EDLC contribution was 0.0012
mC cm−2 for both samples, while the PC contribution was 0.60
and 0.78 mC cm−2 for the tBN and NaNO2 samples,
respectively. This confirms that the Faradaic process is the
primary source of the significant enhancement in charge
storage capacity after modification with 1,8-DAN. Further-
more, the higher capacity enhancement for the NaNO2 sample
suggests that more than one redox active site is generated by
this grafting protocol.
The C/D rate is an indication of power density and is often

investigated by determining capacity as a function of discharge
current density (Supporting Information, Figure S6). EDLC
should be constant for different current densities for a flat
surface, and a decrease of charge storage capacity with
increasing discharge current indicates slower kinetics of either
a redox process or ion motion into a porous electrode. The
tBN grafted sample showed a 40% capacity retention after
increasing the applied current density from 0.1 to 1 mA cm−2,
while the NaNO2 grafted sample retained 45% of its initial
capacity. The small improvement in the rate capability for the
NaNO2 sample may suggest that this grafting protocol
provides a film with better ion diffusion.23 The first three
rows of Table 1 summarize the results for these samples, along
with additional grafting conditions discussed below.
The electrochemical oxidation of aromatic amines, including

1,8-DAN, has been investigated previously,25−28 often in the
well-studied area of polyaniline synthesis. This raises the

Figure 2. Constant current C/D profiles between −0.2 and +0.8 V
(left) and +0.35 and +0.65 V (right) recorded at 0.1 mA cm−2 in 0.1
M H2SO4. (A, B) Bare PPF. (C, D) PPF modified by 1,8-DAN with
tBN procedure. (E, F) PPF modified with NaNO2 procedure.
Capacity calculated using discharge time. H2SO4 degassed for 10 min
with argon prior to collection.
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question of whether the 1,8-DAN oligomeric film is formed via
the anticipated diazonium route, or via oxidation and
subsequent polymerization of the amine precursor, or a
combination of both routes. To investigate, 1,8-DAN-derived
films were grown on PPF without the addition of tBN or
NaNO2 to the grafting solution, using identical electrochemical
parameters. The voltammetry during film deposition is shown
for the three cases in Figure 3, with all scans initiated in the

negative direction from +0.4 V vs Ag/Ag+, the usual conditions
for diazonium reduction. Solid lines are the initial scan, and
dashed lines are the 10th scan between +0.4 and −0.8 V. The
small negative peak at ∼−0.25 V and noted previously15 in the
tBN case may be due to the expected reduction of diazonium
ions generated in situ, but there is a much larger irreversible
oxidation feature at approximately +0.25 V. As shown in Figure
3E, the oxidation peak is observed in the absence of tBN and
results in the growth of a redox wave centered at ∼0.15 V that
may be related to the observed redox process. The peak at
+0.25 V has previously been assigned to the oxidation of the
amine groups in 1,8-DAN to a cation radical species, which can
subsequently be polymerized to yield a semiconducting
polymer film.29−32 Two commonly proposed structures
formed with a diaminonaphthalene precursor via an oxidative
rather than diazonium route are shown in Scheme 1. Whether
one amine group (structure 1a, denoted “single-point”) or
both amine groups (structure 2b, “two-point”) take part in this
polymerization process appears to depend on the substrate and
grafting conditions.25,27 Note also that both single- and double-
point binding33,34 to the PPF surface are possible, but both
should permit electron transfer between the PPF and the
organic film. When both amine groups are oxidized, a nitrogen-
doped graphene nanoribbon structure is grown. This result
indicates that, under the tBN grafting conditions studied here,
the oxidative grafting mechanism is significant, and the
addition of tBN may be unnecessary to electrochemically
graft films with increased capacity and a significant Faradaic
component under these conditions. However, if the concen-
tration of tBN in the grafting solution is increased, the grafting

voltammetry (Figure 3B) shows a reduction wave from ∼0.2 to
−0.2 V, no oxidation feature, and a decrease in current with
repeated cycling, consistent with a diazonium grafting
mechanism. This voltammetry is similar to what we have
reported previously for films grafted using a tBN protocol and
proposed to yield the graphene nanoribbon structure of
Scheme 1c.15 Furthermore, we have found that the
concentration of tBN varies between different batches
especially with age, and reliably reproducing the tBN
concentration is problematic.
Grafting of 1,8-DAN in the presence of a 2:1 stoichiometric

ratio of NaNO2 in a 50/50 (v/v) ACN/aqueous acid solution
differs significantly from either tBN or the “oxidative”
conditions, as shown in Figure 3C. The grafting voltammetry
for the NaNO2 sample shows a reduction wave at
approximately −0.45 V (vs Ag/Ag+) on the first scan, which
disappears on subsequent scans. This peak position is
consistent with the reduction of aryl diazonium ions to
radicals.17,35−37 In addition, if the ratio of NaNO2:1,8-DAN is
increased to 8:1 (Figure 3D), the current associated with this
peak increases, suggesting that a higher number of diazonium
groups are available for reduction if the NaNO2 concentration
is increased. Unlike tBN, NaNO2 is a stable, solid precursor, so
the concentration is easily controlled. Analysis of the UV/vis
absorbance (Supporting Information, Figure S7) of the
grafting solution further supports the generation of an aryl
diazonium ion upon addition of NaNO2 to the 1,8-DAN
solution. The UV/vis spectrum of 1,8-DAN acidic solution
shows a peak at 223 nm and a broader peak at 286 nm. Upon
addition of 2 equiv of NaNO2 both peaks decrease in intensity,
and new bands at 260 and 310 nm appear, consistent with the
formation of the diazonium functional group.17,38 Upon
addition of 8 equiv of NaNO2, the original peaks at 223 and
286 nm disappear completely, and the intensity of the 310 nm
peak increases further. The UV/vis spectra and grafting
voltammetry provide good evidence that primarily the
diazonium grafting route is operative under the NaNO2
conditions; however, whether one or both amines are involved
is difficult to determine. In addition to the diazonium route,
there is an irreversible oxidation wave at +0.2 V (vs Ag/Ag+) in
the 2:1 NaNO2 grafting voltammetry which is similar to but

Figure 3. Grafting voltammetry for electrochemical modification of
PPF with 1,8-DAN. (A, B) tBN protocol, (C, D) NaNO2 protocol,
and (E) oxidative protocol. Solution conditions provided. Scan rate =
100 mV s−1. Solutions degassed with argon for 15 min prior to
grafting. Solid curves are initial scans; dashed curves are 10th scans.

Scheme 1. Possible Structures for Organic Film Formed
Electrochemically from 1,8-Diaminonaphthalene: 1a Single-
Point Nitrogen Bridged; 2b Double-Point Nitrogen
Bridged; 1c Graphene Ribbon Lacking Nitrogen; 1d Mixed
Product with Both Single and Double Nitrogen Bridges
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smaller than those observed with or without tBN. This suggests
that the oxidative polymerization route is also active, resulting
in a mixed film, such as that shown in Scheme 1d. The two
mechanisms could also provide different nitrogen environ-
ments, explaining the two different redox systems seen in the
H2SO4 voltammetry. In the 8:1 case, no oxidation wave at +0.2
V is seen, which may indicate that the higher NaNO2
concentration is sufficient to convert all NH2 groups to
diazonium ions, so none remain for oxidative polymerization.
Obviously, the final film structure depends on deposition
conditions, which would presumably be optimized for
particular applications.
Voltammetry in 0.1 M H2SO4 similar to that in Figure 1 was

used to compare the films grafted using tBN (15 mM), NaNO2
(4 mM), or the oxidative conditions, with the results shown in
Figure 4A,B and quantitative capacity listed in Table 1. Clearly

1,8-DAN is able to produce a range of film structures that
enhance the charge storage capacity of the electrode, but is 1,8-
DAN a prerequisite for this behavior, regardless of the grafting
conditions? Figure 4C,D compares films grafted from a 1-
aminonaphthalene precursor (1-AN), with and without the
addition of tBN, with grafting voltammograms provided in the
Supporting Information, Figure S1A−C. When tBN is present,
the grafting voltammetry shows a reduction peak which
disappears after the first cycle, consistent with the reduction of
the diazonium ion to the aryl radical. The radical can then graft
to the PPF surface forming an organic layer. The voltammetry
in H2SO4 of this surface (Figure 5C) demonstrates a decrease
in capacity compared to PPF, which agrees with reports for
other monosubstituted amine precursors grafted via diazonium
chemistry.16 1-AN can also graft oxidatively;39,40 therefore, the
grafting was repeated in the absence of tBN (Supporting

Information, Figure S1B). Voltammetry in H2SO4 following
grafting (Figure 5D) shows a slight increase in capacity
compared to unmodified PPF (2×), but this is insignificant
compared to the 173× for oxidatively grafted 1,8-DAN.
Furthermore, the thickness of the 1-AN films is much lower, at
2.7 nm compared to 16.9 nm. The 1-AN electro-oxidation
process has been suggested to generate dimers that are soluble
in acetonitrile,40 so they may not graft to the surface.
Alternatively, this potential window may not be sufficiently
positive to cause oxidation of the amine, so the positive
potential limit was increased to +0.8 V (Supporting
Information, Figure S1C). The grafted film provided a 13×
increase in capacity, which is still significantly lower than the
1,8-DAN films. 1,5-DAN, with amine groups on opposite sides
of the naphthalene unit, has voltammetry similar to 1,8-DAN
using the tBN procedure, exhibiting an oxidative wave at
approximately +0.2 V (Supporting Information, Figure S1D)
consistent with literature reports for electro-oxidation.32,41

Voltammetry of the 1,5 DAN product in H2SO4 is shown in
Figure 4E, and the resulting film provided a 27× increase in
capacity compared to unmodified PPF. 1,5-DAN was also
grafted oxidatively (Supporting Information, Figure S1E), and
the 0.1 M H2SO4 voltammetry is shown in Figure 4F. A 3×
enhancement was observed, confirming that the 1,8 orientation
of amine groups is required for the growth of films with large
capacity enhancement. Constant current C/D cycles for the
above samples are shown in the Supporting Information,
Figure S9, and the resulting capacity values are summarized in
Table 1. Finally, Table 1 also includes results for PPF modified
by aniline oxidation, using the +0.8 to −0.8 V vs Ag/Ag+

potential range required to form polyaniline (Figure S10). The
voltammetry (Figure S11) and resulting C/D cycling (Figure
S12) indicated a small increase in capacity to 0.083 mC cm−2.
The voltammetry results show clearly that large increases in

charge storage capacity over the potential window studied are
observed using the 1,8-DAN precursor, but not for either
monoaminonaphthalene or 1,5-diaminonaphthalene. Further-
more, the NaNO2 procedure yields higher capacity than either
tBN or the oxidative processes and has the additional
advantage of lower cost and complexity attractive to practical
applications. The relatively low long-term stability of tBN leads
to uncertainty of its concentration during diazotization and
variation in the resulting diazonium reduction voltammograms
(Figure 3A,B) and in the resulting capacity. The 2:1
NaNO2:1,8-DAN stoichiometry is much better defined for
NaNO2 compared to tBN, and the partially aqueous solvent
reduces cost. Further optimization of the NaNO2 process and
elimination of acetonitrile by using water-soluble 1,8-DAN
precursors is currently under investigation.
We now consider the role of nitrogen in enhancing capacity

and its possible involvement in the large Faradaic component
observed with the 1,8-DAN precursor. Survey X-ray photo-
electron spectroscopy (XPS) results for all cases studied are
provided in the Supporting Information, Figure S13, and the
elemental compositions are listed in Table 2. The typical
sampling depth of a few nm for XPS indicates that the
substrate PPF should contribute negligibly to the atom
percentage of carbon for the 12−17 nm thick organic films
used for Table 2. All three preparation procedures yield
significant nitrogen content, ranging from 10 to 15 atom %.
This corresponds to 1.5 to 2 nitrogen atoms per naphthalene
subunit in the organic films, and nitrogen was undetectable by
XPS on bare PPF. There is also a measurable amount of

Figure 4. Voltammetry of modified PPF surfaces in 0.1 M H2SO4 at
50 mV s−1. (A) 1,8-DAN with tBN (blue) and oxidative (red). (B)
1,8-DAN with NaNO2 (green) and oxidative (red). (C) 1,8-DAN
with tBN (blue) and 1-AN with tBN (orange). (D) 1,8-DAN
oxidative (red) and 1-AN oxidative (purple). (E) 1,8-DAN with tBN
(blue) and 1,5-DAN with tBN (pink). (F) 1,8-DAN oxidative (red)
and 1,5-DAN oxidative (green). Capacity values calculated by
integrating the area enclosed by the voltammogram. Voltammetry
started at OCP (+0.3 V) in all cases. Electrolyte degassed with argon
for 10 min prior to collection. Expanded versions of parts C−F
provided in the Supporting Information, Figure S8. In all cases,
abscissa is electrode potential relative to a Ag/AgCl electrode.
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fluorine (approximately 1−4 atom %) from the tetrafluor-
oborate supporting electrolyte used during grafting. Residual
BF4

− ion may indicate formation of N-containing polarons
during film formation, as discussed in more detail below. High
resolution C 1s and N 1s scans for each sample are given in
Figure 5A,B, respectively. For bare PPF, the C 1s scan shows a
narrow asymmetric peak, centered at 284.2 eV, due to sp2-
hybridized carbon. A second smaller peak at 284.9 eV is also
apparent in the deconvolution and is likely due to sp3-
hybridized carbon in edge and defect regions on the graphitic
surface. The three modified surfaces (tBN, oxidative, and
NaNO2) show quite different spectra, with a much broader C
1s signal compared to unmodified PPF. The main contributor

for all three surfaces is at 284.5 eV and is assigned to the α and
β carbons of the naphthalene units.42 An additional peak at
285.5 eV is assigned to CN groups.42 The N 1s scans for
tBN and oxidative surfaces are similar, with a single peak at
399.1 eV. This is assigned to amine nitrogen (NH/
NH2).

43−48 The XPS peaks for primary and secondary amines
are indistinguishable,48 so the N 1s signal for single-point
(structure of Figure 4A) vs two-point binding (Figure 4B)
cannot be resolved. For tBN the fwhm agrees with literature
reports of 1.4 for NH in polyaniline.45,49 In contrast, the
peak for the oxidation sample is broader (fwhm = 2.2)
compared to that from tBN, possibly due to protonation of the
NH groups in the aqueous acid used for oxidative

Figure 5. (A) C 1s scans for unmodified and modified PPF samples (tBN, oxidative, and NaNO2). Spectra offset for clarity. Peak deconvolution
shown. (B) N 1s scans for unmodified and modified PPF samples (tBN, oxidative, and NaNO2). (C) Change in capacity with nitrogen atom %.
Additional NaNO2 sample prepared with an 8:1 ratio of NaNO2 to 1,8-DAN also included as a low nitrogen example.

Table 2. XPS Results for PPF and Modified PPF Samples: tBN, Oxidative, and NaNO2

survey C 1s N 1s

sample element atom % binding energy, eV atom % fwhm binding energy, eV atom % fwhm

PPF carbon 97.4% 242.2 78.7% 0.86
oxygen 2.57% 284.9 18.9% 1.4

286.2 2.41% 1.0
tBN carbon 82.2% 284.4 59.3% 1.12 399.1 100% 1.6

oxygen 3.89% 285.2 34.5% 1.52 399.1 100% 1.6
nitrogen 11.5% 286.5 6.12% 1.31 399.1 100% 1.6
fluorine 2.43% 399.1 100% 1.6

oxidative carbon 80.8% 284.5 79.3% 1.4 399.1 100% 2.2
oxygen 5.99% 285.9 18.4% 1.6 399.1 100% 2.2
nitrogen 9.80% 287.3 2.00% 1.0 399.1 100% 2.2
fluorine 3.55% 399.1 100% 2.2

NaNO2 carbon 79.6% 284.5 70.5% 1.4 399.2 57.8% 1.8
oxygen 5.13% 285.4 29.2% 1.7 400.6 42.2% 1.7
nitrogen 14.6% 287.0 0.32% 0.6
fluorine 0.76%

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.9b17420
ACS Appl. Mater. Interfaces 2020, 12, 10211−10223

10216

https://pubs.acs.org/doi/10.1021/acsami.9b17420?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b17420?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b17420?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b17420?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b17420?ref=pdf


grafting, with protonated amines exhibiting binding energies
>400 eV.44,45,47 One feature of note is the lack of an imine
(N) peak at approximately 398.5 eV in the tBN or
oxidative spectra. When polyaniline films are grown, the
resulting polymer is a mixture of reduced and oxidized
nitrogen groups, and this is clearly evident in XPS.45 The lack
of an imine signal for these films suggests that the grafted

material contains reduced nitrogen (NH/NH+)
only. The NaNO2 N 1s scan is clearly different, with
deconvolution yielding two peaks, one at 399.2 eV, assigned
to NH groups, and a second at 400.6 eV that has been
assigned to NN (azo) groups, which are often a minor
species in diazonium-derived films formed by direct reaction of
a diazonium ion.50,51 This is further evidence to support the

Figure 6. (A) Shift in cathodic peak potential with pH for films prepared via tBN (blue), oxidative (red), and NaNO2 (green) protocol in
McIlvaine buffer, and shift in cathodic peak potential with pH for NaNO2 peaks (pink and purple) in H2SO4 with different concentrations. Scan
rate = 50 mV s−1. (B) Voltammetry at 50 mV s−1 for NaNO2 1,8-DAN film in H2SO4 at different concentrations. (C) Change in capacity (−0.2 to
+0.8 V) with pH, calculated from C/D at 0.1 mA cm−2 in McIlvaine buffer. (D) Change in EDLC (+0.35 to +0.65 V) with pH, calculated from C/
D at 0.1 mA cm−2 in McIlvaine buffer. pH 1 sample measured in 0.1 M H2SO4 in all cases.

Figure 7. (A) UV−vis absorption spectra of organic films in air formed on PPF by the indicated procedures, after subtraction of the unmodified
electrode spectrum. (B) Calculated spectra for neutral and polaron species with the structures in Scheme 2a. The polaron counterion was BF4

−. (C)
In situ spectra of tBN-modified PDF, as the change in absorbance, ΔA, relative to that obtained at −0.45 V vs Ag/AgCl. (D) Raman spectra with
532 nm laser for tBN-derived organic films. Top two were obtained in air, with the non-SERS spectrum multiplied by 65. Bottom two spectra are
calculated for structures of Scheme 2a, with the predicted intensity of the polaron approximately 10 times that of the reduced form.
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two concurrent grafting mechanisms, i.e., diazonium mediated
and oxidative. Given that the possible azo N 1s peak should be
divided by two to compare to the NH signal, the azo
nitrogen is a less prominent component than NH
nitrogen. The relationship between capacity (determined
from C/D and voltammetry between −0.2 and +0.8 V) vs
the atom % of nitrogen from XPS is shown in Figure 6C, with
the data listed in the Supporting Information, Table S1. The
capacity increases for films containing higher nitrogen content,
which is expected for an increase in the density of N-
containing Faradaic redox centers. The lower capacity values
reported for voltammetry are due to the faster scanning rate
compared to C/D cycles. Conversely, the EDLC determined
from C/D between +0.35 and +0.65 V remains constant
despite variation in nitrogen content. The EDLC is a result of
the increased surface area and therefore should not be affected
by the addition of redox active groups, so this result is expected
for films of similar thickness. The charge storage capacity of
these films over the −0.2 to +0.8 V potential range can be
controlled by changing the nitrogen content of the film, which
is dictated by the grafting conditions. Voltammograms similar
to those in Figure 1 as a function of solution pH (in McIlvaine
buffer) for the three preparation methods are provided in the
Supporting Information, Figure S14. The cathodic peak
potentials vs pH are shown in Figure 7A for all three
preparation procedures (tBN, oxidative, and NaNO2), and
gradients range from 57 to 62 mV/pH unit, indicating a redox
process than involves one proton per electron.
The two redox processes for the NaNO2 film were not well

resolved in the pH range 2.6−7.0 buffer, and only a broad
redox peak was observed; thus, this was plotted in Figure 6A.
The secondary −NH− group shown in the possible structures
of Figure 4 is also found in polyaniline made by chemical or
electrochemical oxidation of aniline in H2SO4 solution.52−54

Polyaniline has three distinct oxidation states involving this
redox center: leucoemeraldine, where the polymer is fully
reduced (amine nitrogen groups); emeraldine, with a 50/50
mixture of oxidized and reduced nitrogen; and pernigraniline,
where the polymer is fully oxidized (imine nitrogen

groups).53,55 The voltammetry of polyaniline in acidic
electrolyte shows redox peaks that correspond to these
transitions, in the same potential window as the redox peaks
seen for the films studied here.54,55 Therefore, in agreement
with prior work on poly(1,8-DAN) films grown by chemical or
electrochemical oxidation,26,29,31 the redox reaction respon-
sible for the large Faradaic feature in acidic solution is
consistent with oxidation of the protonated benzenoid amine
to the corresponding quinoid imine, shown schematically in
Scheme 2a,b. Further voltammetry in different H2SO4
concentrations (0.1, 0.5, and 1 M) exhibits both cathodic
peaks (Figure 6B). Both cathodic peaks for the NaNO2 sample
shift with pH at ∼59 mV/pH unit (Figure 6A, pink and
purple), implying distinct redox reactions with different formal
potentials but each involving an equal number of electrons and
protons. One can be assigned to the amine/imine process of
the tBN film and the second to the reaction with a different
bonding geometry or the adjacent NH center in Scheme 2b.56

Alternatively, the redox center responsible for the second peak
may be an azo group. Azo linkages can undergo a two proton
two electron reduction process to give a diphenylhydrazine
species (Scheme 2c).57,58

Figure 6C,D illustrates the change in capacity with pH, with
all results provided in the Supporting Information, Table S2.
Over both potential windows there is a decrease in capacity
with increasing pH. The −0.2 to +0.8 V capacity decrease is
partially due to the shift in the redox peaks with pH due to
displacement of the Faradaic feature studied potential window
with increasing pH. In addition, the decrease in capacity with
pH may be due to changes in film conductivity, resulting in
accessibility of nitrogen redox centers in the organic film. This
agrees with previous work on polyaniline and poly(1,8-DAN)
films that show that deprotonation generates an insulating
layer.26,53 Indeed, by pH 7 the EDLC is the same (or slightly
lower) compared to the unmodified PPF, suggesting an
insulating organic layer at neutral pH. Therefore, there are
three factors that contribute to the capacity enhancement
generated by 1,8-DAN films: the redox behavior caused by
nitrogen containing redox active groups (−NH−/−NH+−),

Scheme 2. Proposed Redox Reactions for Singly Bonded 8-Diaminonaphthalene Products for Singly Bridged Nitrogen (2a),
Doubly Bridged Nitrogen (2b), and Azo-Coupled Product (2c)
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EDLC caused by an increase in the surface area of the
electrode, and the improved conductivity of the protonated
conducting polymer films.
The possibility that the organic film may retard ion transport

and decrease capacity was examined by pretreating the PPF
surface before DAN treatment with a sparse layer of
pentafluorophenyl “spacers” using a diazonium procedure
which did not involve BF4

− ions.59,60 As shown in Figure S15,
the fluorine coverage preceding DAN treatment from XPS
varied from 0.3% to 3%, while the capacity increased from 1.8
to 10.5 C cm−2, a factor of 6× compared to DAN/tBN treated
PPF and 700× compared to bare PPF (Figure S16). The
spacer effect was not examined in detail, but it is clear that
fabrication conditions are important to capacity enhancement
and provide a further variable for optimization.
Capacity values for the films prepared using the 1,8-DAN

precursor on PPF range from 1.8 to 10.5 mC cm−2, as
summarized in Table 1. Comparisons to literature values are
complicated by large variations in the thickness of the
modification layer, and most existing examples of polymer
films grafted to conducting substrates involve much thicker
films than those used here. Dividing the reported capacity by
the layer thickness yields normalized capacity (mC cm−2

nm−1), which indicates the density of charge storage sites
within the modification layer. Additionally, for Faradaic
materials where capacity is the most appropriate metric for
describing energy storage, the applied potential window should
be constant (in this case 1 V) for comparisons to be
informative. Table 3 compares the current PPF-modified
surfaces to several distinct modifications of electrodes,
including carbon-only electrodes and conducting surfaces
modified with polyaniline. Although capacities higher than
the PPF-modified surfaces have been reported for thick layers,
the PPF/1,8-DAN electrodes have higher charge density,
corresponding to approximately 1−2 e− per naphthalene
subunit. The 10−25 nm thick 1,8-DAN modification layers
should permit modification of smaller pores and higher surface
area substrates, thus increasing the energy storage density of
current large surface area supercapacitors. In addition, ion
transport through very thin layers is more efficient than in
thick layers, resulting in higher power density.
To assess charge/discharge stability, the electrodes prepared

in this work were cycled at 1.0 mA cm−2 between −0.2 and
+0.8 V in 0.1 M H2SO4 for 10 000 C/D cycles. Constant
current C/D cycles before and after stability testing are
provided in the Supporting Information, Figure S18. All

surfaces showed impressive stability with no degradation over
10 000 cycles (Figure S17). There was a slight increase in
capacity with cycling for the tBN and NaNO2 samples, possibly
resulting from electrolyte accessing more of the ribbons over
time. This stability rivals that of carbon-based EDLC61,67 and
is better than most conducting polymer-based supercapacitors
including polypyrrole/reduced graphene oxide composites
(39−53% retention after 1000−10 000 cycles),68,69 gra-
phene/lignin/polyaniline composites (81% retention after
5000 cycles),70 polyaniline/carbon nanotube films (91% after
10 000 cycles),71 and nitrogen-doped reduced graphene oxide
(91% after 10 000 cycles).72

Raman and UV−vis spectroscopy were used previously to
characterize organic films formed from 1,8-DAN,13,15 and the
current films were investigated to provide additional evidence
for the reactions depicted in Scheme 2. Figure 7B shows UV−
vis absorption spectra for films formed by the tBN route with
1,8-DAN after subtraction of the absorption by quartz and
PPF,13,15 plus the film formed by the oxidative route without
diazotization. Also shown in panel B are predicted spectra for
the structure of Scheme 1a and for its polaron form resulting
from oxidation (Scheme 2a), with the calculation procedure
provided in the Supporting Information, Section 15. Note that
only the polaron form has absorption bands above 400 nm and
that all three predicted peaks correspond to features in the
spectra of Figure 7A. Panel C shows the change in absorbance
(ΔA) when the potential of tBN formed film is increased from
−0.4 to +0.5 V vs Ag/AgCl in 0.1 M H2SO4.
The increase in the absorbance bands at ∼540 and ∼750 nm

during a positive potential excursion is reversible and
repeatable and is consistent with polaron formation during
positive potential excursions. The ∼480 nm band in the
experimental spectrum of Figure 7A implies that some polaron
is present in the as-formed films by both oxidative and tBN
procedures, consistent with the presence of fluorine indicated
by XPS. Normal and surface enhanced Raman (SERS) spectra
of films formed by the tBN procedure are shown in Figure 7D,
using a silver-modified PPF substrate as described previously.73

The vibrational frequencies are observed values from the SERS
spectra, and the lower two spectra of Figure 7D were
calculated for the neutral and polaron structures shown in
Scheme 2a. Regions of direct interest are the aromatic CC
stretch at 1580−1620 cm−1, the CN vibrations at 1300−
1380, and 1400−1450 bands possibly due to azo NN
stretches or CNH vibrations. Further support for polaron
formation during film oxidation is provided by the in situ SERS

Table 3. Areal and Normalized Capacity over 1 V Potential Window for PPF/1,8-DAN and Literature Examples

sample capacity, mC cm−2 thickness, nm normalized capacity, mC cm−2 nm−1 energy storage mechanism citation

PPF 0.015 EDLC this work
PPF/1,8-DAN, tBN 1.8 15.8 0.11 Faradaic and EDLC this work
PPF/1,8-DAN, NaNO2 2.9 15.1 0.19 Faradaic and EDLC this work
PPF/1,8-DAN, oxidative 2.6 16.9 0.15 Faradaic and EDLC this work
PPF/1,8-DAN with spacers 10.5 22.4 0.47 Faradaic and EDLC this work
PPF/polyaniline, oxidative 0.083 2.0 0.042 Faradaic and EDLC this work
activated carbon 0.010−0.025 EDLC 2
graphene ink 6.63 <5000 0.0013 EDLC 61, 62
laser scribed graphene 4.04 <100 000 4.0 × 10−5 EDLC 63
graphene oxide/polyaniline hydrogel 2300 500 000 0.0046 Faradaic and EDLC 64
polyaniline on stainless steel 64 1200 0.053 Faradaic and EDLC 65
polyaniline on F-doped tin oxide 36 1900 0.019 Faradaic and EDLC 65
polyaniline/graphene stack 326 4500 0.072 Faradaic and EDLC 66
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spectroscopy at the center of Figure 7D, during which the
applied potential was increased from −0.45 to a positive limit
of −0.05 V vs Ag/AgCl due to Ag oxidation. During the
positive potential excursion, the CC stretch shifts from
∼1575 to ∼1615 cm−1, and the intensities of the 1326 and
1365 cm−1 features increase significantly. These changes were
reversible with repeated potential excursions, with only minor
changes of intensity for at least three potential cycles. The
∼1630 cm−1 was only predicted for the quinoidal feature of the
polaron in Scheme 2a,b, and not for any reduced structures
examined. Although the UV−vis absorption and Raman
features may be due to structures other than those shown in
Scheme 2, the in situ spectroscopic evidence is consistent with
a reversible neutral to polaron transition similar to that
observed in polyaniline, which likely underlies the large
Faradaic component of the capacitance.
Studies on flat carbon substrates like PPF are informative

regarding energy storage mechanism and optimization and
have possible small-scale applications such as on-chip energy
storage. However, for large-scale applications including flexible
and wearable electronics, and vehicular and electricity grid
applications, much higher surface area and capacity values are
required. Figure 8 (and the Supporting Information, Figures
S19−S24) shows the tBN and NaNO2 1,8-DAN modifications
on two commercially available, high surface area carbon
substrates: carbon felt electrodes, and carbon black/steel mesh
electrodes using Vulcan XCMax22 carbon black supplied by
the Cabot Corporation.
Modification increases the capacity for both high surface

area carbons, with a 72−88× increase in capacity for carbon
cloth and 10−13X increase in capacity for XCMax22
depending on the modification protocol. The carbon black

powder has small pores of 2−5 nm, which are responsible for
the high surface area (1360 m2 g−1), but too small for the 1,8-
DAN-derived film (15−17 nm). Conversely, carbon felt has a
higher surface area than flat PPF but is not composed of micro-
and mesopores like the carbon black powder and thus provides
better accessibility for ribbon growth hence an improved
capacity enhancement. Using high surface area carbon
materials with larger pores may significantly increase capacity,
to well above the 10−13× gain observed with XCMax22. In
addition to the capacity enhancement, all samples showed little
change in the capacity after prolonged cycling, highlighting the
impressive stability of electrodes modified with 1,8-DAN.

3. CONCLUSION

Grafting organic films on flat carbon electrodes using
aminonaphthalene precursors provides an enhancement in
the areal capacity by up to a factor of 700 with film thicknesses
of 15−22 nm. To obtain the large capacity enhancement, the
1,8-DAN precursor was essential, with other aminonaphtha-
lene precursors providing reduced enhancements or even
decreasing the capacity compared to unmodified PPF. When
tBN is present in the grafting solution the film grows primarily
via an oxidative mechanism, with −NH− linkers in either a
one- or two-point binding configuration, providing a nitrogen-
doped ribbon structure. Conversely, using NaNO2 as the
oxidizing agent enables both the oxidative and diazonium
routes to occur and yields increased capacity over the tBN
procedure. Additionally, the use of aqueous acidic grafting
conditions makes this protocol more environmentally friendly,
less expensive, and more amenable to industrial processing.
The large capacity increase results from both an increase in
microscopic area and a larger contribution from Faradaic

Figure 8. Electrochemistry in 0.1 M H2SO4 for high surface area carbons. (A) Voltammetry at 2 mV s−1 for carbon felt (black), tBN-felt (blue), and
NaNO2-felt (red). (B) Capacity calculated from C/D at different applied current densities for carbon felt (black), tBN-felt (blue), and NaNO2-felt
(red). (C) Change in capacity with prolonged cycling for modified carbon felt determined from C/D cycling at 8 mA cm−2 for 10 000 cycles. (D)
Voltammetry at 2 mV s−1 for XCMax22 (black), tBN-XCMax22 (blue), and NaNO2-XCMax22 (red). (E) Capacity calculated from C/D at
different applied current densities for XCMax22 (black), tBN-XCMax22 (blue), and XCMax22-cloth (red). (F) Change in capacity with prolonged
cycling for modified XCMax22 determined by C/D cycling at 20 A g−1 for 1500 cycles.
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processes derived from redox active −NH− groups incorpo-
rated in the modification layer. The charge storage density in
1,8-DAN films exceeds that of many existing alternatives, and
the <25 nm film thickness should provide efficient ion
transport in porous electrode materials. Furthermore, all
surfaces showed impressive stability, with little or no
degradation after 10 000 C/D cycles. The capacity of the
tBN film was further enhanced by pregrafting a pentafluor-
ophenyl layer to give a 700× increase in the areal capacity
compared to unmodified PPF. Additionally, the modification
was successfully applied to high surface area carbon materials
(carbon felt and carbon black powder), resulting in capacity
enhancements of up to 88× depending on the modification
protocol and type of carbon. Incorporation of these electrodes
into real-world devices may enable high energy density
materials, prepared via a simple solution-based process, using
environmentally safe chemicals such as NaNO2 and water.

4. EXPERIMENTAL METHODS
Several modification procedures and experimental measurements have
been described previously.13−15,24 Details of fabrication conditions
and procedures used in the current work are provided in the
Supporting Information, Section 1.
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