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ABSTRACT: We study a variety of carbon nanotubes (CNTs) as cost-effective catalysts for the Overpotential
electrochemical nitrate (NO;”) reduction reaction, which holds promise for converting
environmental NO; ™ pollutants into useful ammonia (NH;) products. We discover that pristine
multi-walled carbon nanotubes (MWCNTs) exhibit notable electrocatalytic activity for NO;~
reduction to NH; in a near-neutral electrolyte. Single-walled carbon nanotubes have even higher
activity and selectivity than MWCNTs for this reaction. Results from control experiments
confirm that this activity originates from the native carbon surface rather than from metal
impurities. Contrary to the prevalent notion that heteroatom doping into carbon materials
increases their electrocatalytic performance, we find that introducing oxygen and nitrogen functional groups into MWCNTs reduces
their electrocatalytic activity for NO;™ reduction. After analyzing the potential-dependent electrocatalytic performance of the CNT
catalysts, we further report an interesting positive correlation between total current density and Faradaic efficiency for NH;
formation irrespective of the type of CNT. This correlation suggests deeper NO;™ reduction at higher reaction rates regardless of the
catalyst identity. The findings presented in this work suggest a unique type of active site for electrocatalytic NO;~ reduction,
therefore broadening the role of carbon materials in electrocatalysis.

KEYWORDS: electrocatalysis, nitrate reduction, carbon nanotubes, ammonia synthesis, water treatment

B INTRODUCTION product widely used as a fertilizer, chemical feedstock, and
fuel.>"?

As a result, there is increasing interest in developing active
and selective electrocatalysts for converting NO;™ to NH;. To
date, NO;RR studies have utilized a diverse assortment of
catalysts including metals,'>?°7>* metal oxides,””> bimetallic
systems,”* "> and single-metal atoms embedded in doped
carbon materials.””** While carbon nanomaterials are used as

Fertilizer runoff from agricultural activity is a major source of
nitrate (NO;”) contamination in groundwater and surface
water.' The uncontrolled release of NO;™ into watersheds
poses a serious threat to human health and the environment. In
humans, infant methemoglobinemia, a potentially fatal blood
disorder, and cancer can result from ingesting NO;~.>"* In

view of the health concerns associated with NO;~ pollution, metal-free electrocatalysts in a range of reactions, including the
the World Health Organization recommends a maximum oxygen reduction reaction,”””>* hydrogen evolution reaction,”
NO,™ concentration of 50 mg L™" in drinking water.”* NO;~ oxygen evolution reaction,”* and organic transformation
pollution also has negative environmental consequences reactions,35’36 there are only a few reports of their use in
because it contributes to eutrophication and damages local NO;RR. These limited exam3ples include defective graphene,””
ecosystems.” To remove NO,~ from water, various methods nitrogen-doped graphene,”® and fluorine-doped carbon
have been used including ion exchange, reverse osmosis, and synthesized from the carbonization of a polytetrafluoro-
bacterial denitrification, but these processes also produce waste ethylene-saturated cigarette filter.”” Their electrocatalytic
brine or Sludge that requires expensive treatment or activity is associated with defects or heteroatom dopants.
disposal.”™® The electrochemical NO;~ reduction reaction Given the wide application of carbon nanomaterials, including
(NO;RR) is an alternative strategy that can transform NO;~ carbon nanotubes (CNTs), in catalysis,**~** it is desirable to

into products such as harmless N,, valuable ammonia (NHj,), further explore their potential as cheap and abundant

or several others, including NO, NO, ™, N,0, and NHZOH.Q_lg
NO;RR is attracting increasing attention because of its Received: March 6, 2022
potential advantages over traditional water treatment pro- Revised:  June 25, 2022
cesses, most notably, the opportunity to capture and recycle
waste NO;~ into NHj using renewable electricity. Additionally,
NO;RR could provide a sustainable alternative to the fossil-
fuel-reliant Haber—Bosch process for the synthesis of NH; a
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Figure 1. Structural characterization of CNTs. (A) SEM images. (B) Raman spectra. All spectra were normalized to the intensity of the G band.
(C) Enlarged RBM region of SWCNTs. (D) 2D bands with 5X magnification. (E) C 1s XPS spectra. (F) Atomic O/C ratios measured by XPS.

electrocatalysts for NO;RR. It is also interesting to answer the
fundamental question of whether pristine carbon surfaces can
catalyze the reaction.

In this work, we studied various CNTs for NO;~
electroreduction, including multi-walled carbon nanotubes
(MWCNTs), single-walled carbon nanotubes (SWCNTs),
mildly oxidized MWCNTs (OCNTs), and reduced OCNTs
(ROCNTs). We discovered that MWCNTs, without metal
impurities, have intrinsic activity for NO;RR. In a near-neutral
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electrolyte containing 0.4 M KNO; MWCNTSs achieve a
Faradaic efficiency (FE) toward NH; of 73% and an average
current density of 25 mA cm™> at —0.85 V vs the reversible
hydrogen electrode (RHE; all potentials in this work are
referenced to the RHE scale unless otherwise noted). Notably,
after introducing heteroatoms (O and N) into the MWCNT
structure, the resulting OCNTs and N-doped carbon nano-
tubes (NCNTs) show much lower activity and selectivity for
NO;™ reduction to NH;. Our findings challenge the prevalent
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Figure 2. NO,;™ reduction catalysis of CNTs. (A) LSVs recorded at a scan rate of 5 mV s™! in Ar-saturated 0.1 M PB + 0.4 M KNOj (solid line) vs
0.1 M PB (dashed line). (B) Possible reaction pathway of NO;~ reduction to NH;. (C) Product distribution and (D) current density for different
CNTs at —0.85 V in 0.1 M PB + 0.4 M KNOj. The error bars represent the standard deviations of multiple measurements. Note that there are
error bars for OCNT and ROCNT, but they do not appear because they are shorter than the size of the symbol.

notion that heteroatom doping into carbon-based nanomateri-
als improves their electrocatalytic activity. We also found that
SWCNT surfaces are substantially more active and selective for
NH; production than MWCNT surfaces. Elemental analysis of
SWCNTs reveals that they still contain Fe from their synthesis
even after purification. However, we confirmed that Fe is not
exposed on the surface and, thus, most of the observed
catalytic performance likely originates from the SWCNT
surface. We also evaluated the effect of the applied potential on
the activity and selectivity of the CNTs toward NO;~
reduction to NHj. Our results indicate a general positive
correlation between total current density and FE (NH,)
irrespective of the catalyst identity. Taken together, these
findings suggest a new type of reactivity originating from
pristine carbon surfaces.

B RESULTS AND DISCUSSION

In order to prepare and characterize the catalyst materials, we
started by purifying as-received MWCNTs via calcination and
acid treatment as detailed in our previous work.*> To prepare
OCNTs, we oxidized purified MWCNTSs using a modified
Hummers method,” which were then thermally treated in an
Ar atmosphere to create ROCNTs. We purified as-obtained
SWCNTs by heating them in an aqueous mixture of H,0, and
HCL* Additional experimental details are available in the
Supporting Information (SI). To understand the structures of
the different CNTs, we characterized their morphology, extent
of graphitization, and surface composition. We observed the
morphology and microstructure of SWCNTs, MWCNTs,
OCNTs, and ROCNTSs using scanning electron microscopy
(SEM) (Figure 1A). SWCNTs, with an average diameter of ~1
nm, are bundled in powder form. MWCNTs appear less
aggregated, with entangled individual tubes that are micro-
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meters long and ~20 nm in diameter. SEM images reveal that
the oxidation or further reduction of MWCNTSs does not alter
their morphology.

To characterize the structures and defect levels of the CNTs,
we employed Raman spectroscopy. The Raman spectra of
CNTs have three main characteristic bands (Figure 1B): the D
band (~1350 cm™") represents the contribution of disorder or
defects, the G band (~1580 cm™') originates from the
stretching of the C—C bonds within the graphitic structure,
and the 2D band (also called the G’ band, ~2600 cm™) is the
D band overtone that appears in graphitic materials.**~>* The
SWCNT material exhibits a strong G band and a very weak D
band, indicating a high-quality graphitic structure. Both the
radial breathing mode (RBM) (~100—400 cm™) and the
high-frequency iTOLA combination mode (~1915 cm™),
which are unique to SWCNTs, are observed.**™>* The RBM
features reveal that the SWCNTSs are a mixture of metallic and
semiconducting tubes (Figure 1C). Pristine MWCNTSs show a
much more prominent D band than SWCNTs, indicating a
higher defect level. Upon oxidation of MWCNTSs, the resulting
OCNTs display a lower D to G band ratio (Ip/I), broader D
and G bands, and a weaker 2D band (Figure 1B,D and Table
S1). These features are associated with the introduction of
functional groups and defects by oxidation.”® Reduction of
OCNTSs to ROCNTSs increases the I,/I ratio (Table S1) and
the intensity of the 2D band. This indicates that partial
restoration of the graphitic structure occurs during the
reduction process.”’

Considering that electrocatalysis predominantly takes place
on the catalyst surface, we used X-ray photoelectron
spectroscopy (XPS) to study the surface chemical structures
of the different CNTs (Figure 1E and Figure S1). Both
SWCNTSs and MWCNT s show a single C 1s peak centered at
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284.8 eV, which corresponds to sp>-hybridized C.>>*% For
OCNTs and ROCNTSs, a second peak appears at a higher
binding energy of ~287 eV and can be assigned to functional
groups containing O bonded to C atoms.””* In general, an
increase in the width of the peak centered at 284.8 eV signals
an increase in disorder or non-uniformity in the CNT
material*>**™® The presence of a peak at ~287 eV and
broadening of the peak located at 284.8 eV are spectral features
consistent with the introduction of functional groups and
defects by oxidation.”>*® Reduction of OCNTs to produce
ROCNTS decreases the relative intensity of the C—O peak and
the width of the C—C peak, suggesting that the process does
repair OCNT's to some degree but is unable to fully restore the
originall MWCNT structure. XPS elemental analysis reveals
low O/C ratios for MWCNT and SWCNT surfaces (Figure
1F). Consistent with the C 1s spectra, there is a substantial
amount of oxygen in the surface layers of OCNTSs and
ROCNTSs with a slight decrease in the O/C ratio after the
reduction process.

After characterizing the CNTs, we sought to assess their
electrocatalytic activity using a two-compartment H-cell with
Ar-saturated aqueous electrolyte containing 0.1 M phosphate
buffer (PB, pH = 7.2) + 04 M KNO,. The linear sweep
voltammograms (LSVs) are plotted in Figure 2A. Comparing
them with their corresponding LSVs measured in the same PB
electrolyte without NO;~ reveals the onset potentials for
NO;RR (Figure S2). Notably, OCNTs show substantially
lower catalytic activity than pristine MWCNTs: the onset
potential is shifted more negatively by 450 mV, and the current
is smaller at all scanned potentials. ROCNTS are more active
than OCNTSs but are still considerably less active than
MWCNTSs. These results indicate that the oxygen functional
groups and defects on the surface of the OCNTs and, to a
lesser extent, the ROCNT' suppress the intrinsic activity of the
graphitic MWCNT surface. Interestingly, SWCNTSs are even
more active than MWCNTs: the onset potential is 10 mV
more positive, and the current density reaches 100 mA cm™ at
—0.93 V.

We also studied the catalytic selectivity of the different CNT
materials. According to the literature, the likely reaction
pathway for NO;RR in aqueous electrolyte is shown in Figure
2B.”~'® Some possible intermediates formed along the eight-
electron reduction pathway from NO;~ to NH; include NO,~,
NO, and NH,OH. To determine product selectivity, we
performed controlled potential electrolysis (CPE) measure-
ments at a cathodic potential of —0.85 V. Gas (H,)- and liquid
(NO,~, NH,OH, and NHj;)-phase products were quantified by
gas chromatography and colorimetric methods, respectively
(Figure S3). Other possible gaseous products such as NO,
N,0O, and N, are not detected. The CPE results show that
SWCNTSs catalyze NO;™ reduction to NH; with the highest
NH, FE of 90% and a total current density of 63 mA cm™
(Figure 2C,D). Other detected products are NO,” (FE = 4%)
and H, (FE = 6%). MWCNTs deliver a NH; FE of 73%, a
NO,™ FE of 23%, and a total current density of 25 mA cm™
OCNTs are the least selective and active toward NH; with a
FE of 35% and a total current density of 1.6 mA cm™% NO,~
becomes a major product (FE = 41%), and NH,OH is also
formed. When compared to OCNTs, ROCNTSs show a
marginally higher NH; selectivity (FE = 39%) and total
current density (2.5 mA cm™).

The rate and selectivity for NO;RR of all of the CNT
electrocatalysts can be tuned via the applied potential. The
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potential dependence of product selectivity and total current
density for the SWCNT, MWCNT, OCNT, and ROCNT
materials are plotted in Figure S4. All of the CNT materials
follow a general trend in which NH; production is enhanced at
more negative potentials. Interestingly, we observe a positive
correlation between FE (NHj;) and total current density when
we plot all of the data points from the different CNT's together
(Figure 3). Within the applied potential range considered in

120 & SWCNT O MWCNT O OCNT A ROCNT
® 055V © -065V @ -0.75V @ -0.85V

1004 © 085V e 05V e -115V

80 $

+

(2]
o

| e ‘

s

A

NH; Faradaic efficiency (%)

1
=

o
o
s

N
o

o

20 60

o

40

Current density (mA cm2)

Figure 3. Current density influences NH; production on different
CNT surfaces. Correlation between NH; FE and current density. The
error bars represent the standard deviations of multiple measure-
ments. Note that some error bars do not appear because they are
shorter than the size of the symbol. The inset is a zoomed-in view of
the lower current density region.

this study, we observe that FE (NH;) generally increases with
jiotal in the relatively low reaction rate region (jym < 4 mA
cm™2). As the current density increases further, FE (NH;)
gradually converges toward a maximum value. This relation-
ship suggests that larger current densities appear to favor the
complete reduction of NO;~ to NH; on graphitic carbon
surfaces.

The electrocatalytic results indicate that pristine CNT
surfaces are active for NO;RR and that oxygen doping
diminishes catalytic activity. These findings challenge the
conventional understanding that the introduction of heter-
oatoms into a sp® C structure modulates the electronic
structure and consequently enhances the activity for electro-
catalytic reactions.”™®" To further investigate this phenomen-
on, we also considered if a similar reduction in catalytic activity
could be observed in NCNTs (Figure SS). Control experi-
ments with NCNTs (Figures S6 and S7) show that they have a
lower catalytic performance than pristine MWCNTSs. When
compared to MWCNTs, NCNTs show a lower NHj selectivity
(FE = 53%) and total current density (15 mA cm™2) at —0.85
V. Therefore, we can confirm that doping MWCNTs with O
and N functional groups does reduce the NO;RR performance
of the sp® C surface, albeit the reduction in performance is not
the same across all CNTs. A possible explanation for this
phenomenon is that the C atoms on the CNT surface are
active sites, whereas the electron-rich O or N functional groups
simply reduce the number of active sites or may even hamper
effective adsorption of the negatively charged NO;™ reactant
via electrostatic repulsion. For example, our zeta potential
measurements reveal negative charges on the surface of
OCNTs at near-neutral pH, which are not present on the
MWCNT surface (Figure S8). These negative surface charges,
which are likely caused by carboxylic acid groups formed in the
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saturated 0.1 M PB + 0.4 M KNO;.

CNT oxidation process,”®"> may repel NO,~ from approach-

ing the catalyst surface. Our hypothesis that C is the true active
site for NO;RR on the CNT electrocatalysts can also explain
the unified FE (NH;)—j,. relationship (Figure 3) since all of
the materials possess these active sites.

Of the two best-performing CNT materials, we found that
SWCNTSs are considerably more active than MWCNTSs. One
possibility is that the SWCNT material has a much higher
surface area due to the much smaller diameter of SWCNTSs
compared to MWCNTSs. This possibility is eliminated,
however, by our measurements of the electrochemically active
surface area (ECSA) using the electrochemical double layer
capacitance technique (see the SI for details; Figure S9). We
show that the SWCNT material has an even smaller ECSA
than MWCNTs. Alternatively, C atoms on the SWCNT
surface may be intrinsically more active than those on the
MWCNT surface. The larger curvature of SWCNTs, which
alters the bonding geometry and, consequently, the electronic
structure of the C atoms, may be a contributor. This
hypothesis will be tested in future work.

Since both the MWCNTs and SWCNT s used in this study
were synthesized using metal (Fe) catalysts,”>* it is necessary
to verify that the observed electrocatalytic reactivities are not
caused by catalyst residues. First, we checked the four CNT
materials using XPS. The results show no prominent Fe signals
(Figure 4A), suggesting that the CNT surfaces do not contain
Fe. This is a reasonable result if we consider the strong acid
treatment employed in our purification processes, which
should remove all exposed Fe species. We then examined the
bulk material via inductively coupled plasma mass spectrom-
etry (ICP-MS). The samples were prepared by calcining the
CNTs and then digesting the ash with HNOj. Essentially no
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Fe is found in MWCNTSs, OCNTs, or ROCNTs (Figure 4B).
No other metal impurities are detected in the CNTs (Table
S2). While the ICP-MS sample of SWCNTs also shows an Fe
concentration comparable to the background level (Figure
4B), we note that the ash contains reddish-brown powder that
is not fully digested by HNO, (Figure 4C). Energy dispersive
X-ray spectroscopy (EDS) analysis of the ash reveals that it
contains a significant amount of Fe (Figure 4C and Figure
S10). The fact that these Fe species can survive strong acid
digestion indicates that they are likely encapsulated rather than
exposed on the surface, which is consistent with the XPS
results. To further verify that the Fe impurities in SWCNT's are
not exposed and thus do not directly contribute to NO;RR
catalytic activity, we performed a control experiment with 5 nm
of Fe deposited on a carbon fiber paper (CFP) electrode
substrate. While metallic Fe is considerably active for NO;~
reduction to NHj, treatment with HCI and H,0, (the same
condition used in the SWCNT purification procedure)
eliminates most of the activity, approaching the background
level of a bare CFP electrode (Figure 4D and Figure S11). We
also performed XPS analysis on a SWCNT electrode aftera 1 h
CPE measurement at —0.85 Vin 0.1 M PB + 0.4 M KNOj; and
confirmed that no Fe residues migrate to the surface of the
SWCNT electrode under electrochemical conditions (Figure
S12). Therefore, it is reasonable to conclude that the NO;RR
active sites on SWCNTs are C-based. Finally, we checked the
electrolyte solutions and the MWCNT electrode before and
after electrolysis to verify that no metal contamination is
introduced by the electrolyte or during the electrolysis (Table
$3).
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B CONCLUSIONS

In summary, we have demonstrated that pristine CNTs (both
MWCNTs and SWCNTs) are active and selective electro-
catalysts for the reduction of NO;~ to NH;. Heteroatom
doping decreases the catalytic performance and indicates that
C is the active site for NO;RR. We find a positive correlation
between NH; production and total current density regardless
of the type of CNT surface. The results presented here provide
evidence for a new type of active site for NO;RR, which may
benefit future catalyst design. Future work will focus on
investigating the reaction mechanism and the NO;RR
performance of CNTs using concentrations of nitrate typically
found in contaminated groundwater.
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