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Abstract: Polynitrogen (PN) species (N,, n from 3 to 8) as
highly energetic materials have attracted many theoretical
calculations and predictions. N;, N, N; or their ions were
experimentally detected under high-pressure and high-temper-
ature conditions. Herein, a Ny~ PN stabilized on the positively
charged sidewalls of multi-walled carbon nanotubes
(MWNTs) has been synthesized using cyclic voltammetry
(CV) under ambient conditions. ATR-FTIR and Raman
spectroscopic data assigned on the basis of density functional
theory (DFT) calculations support the successful synthesis of
a Cy, symmetry chain structure of the Ny anion stabilized as
MWNT"Ng~. Temperature programmed desorption (TPD)
data show that MWNT" Ny~ is thermally stable up to 400°C.
Oxygen-reduction reaction (ORR) experiments carried out
using MWNT' Ny~ as the cathodic catalyst shows that it is very
active for ORR with an even higher current density than that of
a commercial Pt/carbon catalyst.

P olynitrogen (PN) species (N,, n from 3 to 8) and
compounds are chain-like arrangements of nitrogen atoms
that are building blocks for three-dimensional crystalline
structures.!! Pure polynitrogen solids are particularly attrac-
tive because of their high energy density and decomposition
to an inert gas that is non-toxic and friendly to the environ-
ment. Recent ab initio and molecular dynamics calculations
suggested that charge-transfer interactions between carbon
nanotube (CNT) sidewalls and polynitrogen compounds
could stabilize polynitrogen compounds at ambient condi-
tions.” Density functional theory (DFT) has been used to
show that a N single zigzag chain of nitrogen atoms is stable
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inside carbon nanotubes and between sheets of graphene.” A
novel approach to the isolation of a polynitrogen phase that
would be stable at ambient conditions is suggested by the
work of Abou-Rachid et al.! (see Figure S1 in the Supporting
Information). Owens however predicted with DFT calcula-
tions that a double chain (N,),, oligomer would be stable
under ambient conditions without carbon nanotube or
graphene sheets”] More recently, Hirshberg etal. used
DFT-based theoretical methods to predict a stable molecular
crystal of N that is more stable than other N, polynitrogen
species (see Figure $2).[!

Since the first synthesis of the azide anion N, in 1890, it
has been the only known stable homoatomic nitrogen species
for more than 100 years besides molecular N,.!l Although
theoretical studies have predicted the existence of other
polynitrogen compounds and intense efforts have been made
to synthesize them,”! it was not until the last decade that Ng*
was synthesized for the first time.’! This led to extensive
research resulting in the synthesis or gas-phase detection of
several other species, such as N5~, N;, and N,.*'! One cubic
gauche (cg) form was experimentally observed at high
pressure (see Figure $3)." The structure formed however
dissociated under ambient conditions and could not be
recovered.”? Another report suggested the existence of
a polynitrogen phase in sodium azide, (NaN;) subjected to
a pressure of 160 GPa at temperatures ranging from 120 K to
3300 K.['” Macroscopic synthesis of polynitrogen compounds,
however, remains difficult owing to their intrinsic instability.
Moreover, no molecular solid consisting of pure N, species
has been identified or synthesized experimentally to date.!!
Herein, a novel Ng~ polynitrogen phase stabilized on the
positively charged sidewalls of MWNTs has been synthesized
for the first time using cyclic voltammetry (CV) at ambient
conditions, and tested for the oxygen-reduction reaction
(ORR). To our knowledge, there has been no previous report
of polynitrogen-based electrocatalysts.

To synthesize a MWNT*Ng~, CV was carried out using
a three-electrode set up using a computer-controlled poten-
tiostat—galvanostat. As shown in Figure 1, a clear oxidation
peak of azide anion at around 0.58 V was observed during CV
synthesis. The peak was stable for all the CV cycles. An
oxidation peak was not detected without MWNTs suggesting
that the azide ions are irreversibly oxidized to azide radicals
which can form long and well-ordered polynitrogen species
on the positively charged MWNTs. The reaction pathway can
be denoted as: N3~ —N;*—[N-N-N], The downward peak in
solid curve in Figure 1 already shows the ORR activity of the
synthesized polynitrogen. 12 CV cycles were recorded (Fig-
ure S4). When the number of cycles increases, the oxidation
peak gets weaker owing to the decreasing azide concentration
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Figure 1. CV during polynitrogen phase synthesis on MWNT-GCE
(glassy carbon electrode) working electrode in 2m sodium azide
dissolved in pH 4 buffer solution. Stable curves with potential versus
Ag/AgCl were recorded for at least 12 CV cycles (See Figure S4). The
GCE working electrode was prepared without MWNT and used as the
reference. Inset: expansion of the oxidation region.

in solution and the oxygen reduction peak becomes stronger
because there is more polynitrogen synthesized on the
MWNTs.

Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectra in Figure 2 show a clear signal near
2050 cm™! from a polynitrogen-MWNT sheet 2 M. This signal
was not detected in pristine MWNT, dipped MWNT sheet 2 M,
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Figure 2. ATR-FTIR spectra in the 1000 to 3500 cm™' range. The
MWNT background has been subtracted from the MWNT containing
samples. PN-MWNT sheet = polynitrogen-MWNT sheet.

NaN; or carbon nitride."™ The signals around 1500 cm ™' and

1640 cm ™' together with the broad feature at 3300 cm™' are
from residual water trapped in the MWNT sheet, which is
consistent with the IR spectra for the MWNT sheet dipped in
deionized water and dried in air. The band near 2100 cm ™ can
be assigned to the azide ion asymmetric stretching mode from
residual sodium azide. The characteristic modes of carbon-
nitrogen bonding below 1800 cm™' from carbon nitride!"!
were not detected from the polynitrogen-MWNT sheet 2,
which indicates a difference in structure between polynitro-
gen on MWNT and a nitrogen-doped carbon structure. The
Raman spectra in Figure 3 clearly depict a line at 1080 cm ™!
from polynitrogen-MWNT sheet 2m which was not detected
from the MWNT sheet or from the dipped MWNT sheet 2 M.
The weak, sharp feature at 2150 cm™! is likely to be extrinsic.
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Figure 3. Raman spectra in the 1000 to 2300 cm ™'

10 mW 514.5 nm laser excitation.

spectral range using

ATR-FTIR and Raman spectra for the polynitrogen-MWNT
sheet 2M indicate that the vibrational modes of the synthe-
sized material are very close to the DFT calculation results
(Table S1) for the Ng~ C,, structure (Figure 4).
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Figure 4. DFT minimized C,, symmetry linear-chain structure of the Ng
anion.

Our DFT calculations were carried out at the 6-31 + G (d,
p) level using GamessUS.['>!%) We chose to adopt the B3LYP
functional with the 6-31 + G (d, p) as it gave us the best results
for the established N;~ azide ion. IR intensities are in
debye’amu' A2 while Raman intensities are expressed in
A*amu'. The azide anion N5~ structure optimization carried
out in this study was for the sole purpose of validation of our
method. There is a deviation of 2.9% for the main IR N;~
anti-symmetric stretching frequency at 2160 cm™' which is
observed experimentally at 2100 cm™!, while we recorded
a deviation of only 0.29 % for the N;~ symmetric stretching
Raman frequency at 1364 cm™', which is observed experi-
mentally at 1360 cm™!. Based on the calculation, the Ng~
vibrational frequencies with the highest IR and Raman
intensity are predicted at 2057cm™' and 1060 cm™!
(Table S1), respectively, which are in good agreement with
the experimental values of 2050 cm™' and 1080 cm™' in
Figures 2 and 3, respectively, and an earlier calculation by
Bartlett et al.'”7?! The IR and Raman results coupled with
DFT calculations show that a polynitrogen oligomer anion
stabilized by MWNT cationic counterions has been synthe-
sized successfully.

As-prepared carbon nanotube sidewalls are hole-doped or
positively charged as a result of reaction with oxygen in air to
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form oxygen anions or by intercalation of the Na* between
the graphitic layers of MWNT sidewalls. The structure of the
N; anion can be derived from the structure of a neutral Ny
cluster from the Ng molecular crystal proposed by Hirshberg
et al.l’! depicted in Figure S3. We also calculated the vibra-
tional modes of the Ny neutral cluster with the same method.
The results from our calculation agree with the results of
Hirshberg et al’® (Table S1-S3, Figure S5-S7). Compared to
the neutral Ny cluster, the IR active stretching N=N vibra-
tional mode from Ny~ is shifted to lower frequencies because
of an increase in the calculated bond length of the anion
cluster (Figure 4) relative to that of the neutral cluster. This is
consistent with the computed increase in charge density
around the end nitrogen-nitrogen bonds of the neutral Ng
cluster molecule (Figure S5).1!

To confirm the thermal stability of the sample, temper-
ature programmed desorption (TPD) was carried out. The
result is compared to those from the dipped-MWNT sheet 2M
and carbon nitride samples in Figure 5. The TPD scan of the
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Figure 5. N' signals from TPD scans. The curves have been normal-
ized by sample weight.

polynitrogen-MWNT sheet 2M show that the polynitrogen
species on the carbon nanotube substrate is thermally stable
and it decomposes to nitrogen at a temperature above 400°C.
Three N, peaks are detected for the dipped-MWNT sheets,
which may correspond to azide deposited on the outer-, intra-,
and inter-layers of the nanotubes in the MWNT sheet. Carbon
nitride decomposes at a much higher temperature, above
600°C by the breaking of C—N bonds. It is thus clear that
more ordered polynitrogen species are formed on the
MWNTs during the CV process. No carbon nitride species
are detected on the polynitrogen-MWNT sheet.

The electrocatalytic activities for ORR with the samples
were measured using linear-sweep voltammetry (LSV) with
O, saturated or N, purged 0.1m KOH as the electrolyte. A
clear cathodic current was detected under O,, which corre-
sponds to oxygen reduction, while there is a much less obvious
response near the potential with the N, purged electrolyte
(Figure 6, top). The response under N, could be attributed to
the reduction of residual O, in the electrolyte or oxygen
occluded in the pores of MWNT.?1?l Recently, multi-walled
carbon nanotubes have been reported to have some intrinsic
ORR activity™® as also shown by our ORR results (Figure 6,
bottom). Comparing with dipped MWNT sheet 2M, which
shows some ORR activity with the onset potential at around
—0.2'V, the polynitrogen-MWNT sheet 2M shows a more
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Figure 6. ORR results in 0.1 M KOH with linear-sweep voltammetry.
Top: ORR with N, purged and O, saturated electrolyte. Bottom: ORR
with MWNT sheet, dipped MWNT sheet 2 M, and PN-MWNT sheet 2 m,
using O, saturated electrolyte.

positive onset potential (—0.14 V) and higher current density.
The improved ORR performance could be attributed to the
electron lone pairs of N in the Ng~ polynitrogen species. The
determination of the active sites for ORR and the roles that
nitrogen plays in nitrogen-carbon based catalysts has been
controversial for a long time. DFT calculations have sug-
gested that the catalytic ORR activity is either because of
charge-transfer interactions between nitrogen and adjacent
carbon atoms, leading to oxygen chemisorbed on the carbon
atoms and weakening of O—O bonding for further reduction
of oxygen,” or oxygen bonding with the lone pair electrons
of doped nitrogen atoms on carbon substrate.””! Our ORR
results indicate that a N-N unit from N;~ or in the Ng~
polynitrogen species can play the role as the active site for
ORR, which has not been reported previously. Natural
bonding orbital (NBO) analysis is used to calculate the
partial charge distribution on Ng~ species. Based on the
charge distribution, the most active sites should be N1 and N2
that have more negative charges (Figure S8).1*°

We also investigated polynitrogen synthesized with differ-
ent azide concentrations. As shown in Figure 7 (Table S4),
with the increasing of azide concentration, both the nitrogen
desorption temperatures for dipped MWNT sheet and poly-
nitrogen-MWNT sheet shift to lower temperatures, which
indicates an increasing amount of weaker attached nitrogen
compounds as the azide concentration increases. Indeed,
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Figure 7. N' signals normalized by sample weight from the TPD
results for dipped MWNT and polynitrogen-MWNT sheets with differ-
ent azide concentrations for electrochemical synthesis.

nitrogen compounds tend to occupy the sites that will form
stronger interactions with MWNT to give a lower overall free
energy. For the dipped MWNT sheets, initially the nitrogen-
desorption amount increases with the increasing azide con-
centration, but the desorption amount does not change much
from 2m to 4M, which suggests the saturation of the sites
within the MWNT. However, nitrogen desorption amount for
polynitrogen-MWNT continuously increases with the increas-
ing of azide concentration, suggesting more polynitrogen is
formed with higher azide concentrations from 0.5M to 4M.
This is further supported by FTIR results in Figure 8, which
shows that the relative intensity of the peak at around
2050 cm™!' continuously increases with the increase in the
azide concentration. The concomitant decrease in the inten-
sity of the band at 2100 cm ' for the azide ion with increasing
azide ion concentration is because increased Ng~ formation
results in the MWNT surfaces becoming increasingly inacces-
sible for azide ion adsorption. To compare the ORR
performance of the samples synthesized with different azide
concentrations and also to compare with commercial Pt/C
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Figure 8. FTIR spectra in the 1800-2300 cm™' region for polynitrogen-
MWNT sheets after electrochemical synthesis with different azide
concentrations. MWNT background has been subtracted for the
polynitrogen-MWNT curves.
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catalyst, polynitrogen-MWNT-GCE and Pt/C-GCE were
prepared and the results are shown in Figure 9. The result
from Pt/C is consistent with Gong’s work.”*! The current
densities with the polynitrogen-MWNT samples increase with
the increasing of azide concentration, suggesting a facilitating
of oxygen reduction with larger amounts of Ny~ polynitrogen.
Compared to Pt/C, polynitrogen-MWNT has a more negative
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Figure 9. ORR results in 0.1 M KOH for polynitrogen-MWNT-GCE,

synthesized with different azide concentrations, and for a commercial

Pt/C catalyst. Pt/C-GCE was prepared by the same method as for

MWNT-GCE, except that 10% platinum on Vulcan XC-72 (E-Tek) was

deposited. LSV scan rate: 100 mVs™.

onset potential, but higher current density for polynitrogen-
MWNTs synthesized with an azide concentration higher than
1Mm. The results suggest that a higher power output can be
achieved over MWNT*Ng~ than on a Pt/C commercial
cathodic catalyst. The current density with the polynitrogen
sample during the 4 scans (Figure S9) shows that polynitrogen
is relatively stable during ORR. It therefore has the potential
to replace Pt as a catalyst in fuel cells.

In summary, we have successfully synthesized a polynitro-
gen anion stabilized on the sidewalls of MWNTs by a CV
method for the first time. The polynitrogen-MWNT functions
as a metal-free ORR catalyst. A Ng~ C,, structure is
confirmed by ATR-FTIR, Raman spectroscopy and DFT
calculation results, and consistent with recent DFT findings
from Bartlett et al.'””?" and Hirshberg, et al.’! TPD results
show that the N~ polynitrogen structure is thermally stable to
about 400°C. ORR experiments suggest that N-N sites from
the polynitrogen materials or azide ions are active in a KOH
electrolyte. With increasing azide concentrations from 0.5M to
4™ for the electrochemical synthesis, a larger amount of
polynitrogen is obtained on the MWNTs, leading to increased
ORR activity. Although it has a more negative onset
potential, the current density of MWNT'Ng~ is higher than
that of a commercial Pt/C electrode. This work therefore
opens the door to the synthesis of other polynitrogen
materials, and their potential use as high energy and ORR
catalytic materials.
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Experimental Section

To synthesize polynitrogen materials on MWNTs CV was carried out
using a computer-controlled CH Instruments 832C potentiostat-
galvanostat on -COOH functionalized multi-walled carbon nano-
tubes (MWNTs, purchased from Nanolab). CV was performed with
a three-electrode setup. The working electrode was dipped in 40 mL
0.5-4M NaNj (Aldrich) dissolved in a buffer solution (pH 4.0), which
was used as the electrolyte. Pt and Ag/AgCl were used as the counter
electrode and standard reference electrode, respectively. CV was also
carried out on MWNT-GCE without NaN; in the solution to clarify
the oxidation peak from N5~ (Figure S10). TPD was carried out using
a Micromeritics AutoChem II 2920 system. FTIR was carried out
using a Nicolet ThermoElectron FTIR spectrometer combined with
a MIRacle ATR platform assembly and a ZnSe plate, and denoted as
ATR-FTIR. Raman spectroscopy was performed with a Thermo
Scientific DXR Raman microscope. For ORR, PN-MWNT sheets
and the dipped-MWNT sheets were cut into strips, each of which had
approximately the same surface area and used as the working
electrode. Pt and Ag/AgCl were used as the counter electrode and
reference electrode, respectively. 0.1M KOH solution was used as the
electrolyte. DFT calculations were carried out by density functional
theory at the 6-31+G (d, p) level using GamessUS. We chose to
adopt the B3LYP functional with the 6-31 + G (d, p) as it gave us the
closest results for the established azide ion. (See Supporting
Information for detailed experimental information).
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