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ABSTRACT The challenge in the electrosynthesis of fuels from
(0, is to achieve durable and active performance with cost-effective
catalysts. Here, we report that carbon nanotubes (CNTs), doped with
nitrogen to form resident electron-rich defects, can act as highly
efficient and, more importantly, stable catalysts for the conversion
of €0, to CO. The unprecedented overpotential (—0.18 V) and
selectivity (80%) observed on nitrogen-doped CNTs (NCNTs) are
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attributed to their unique features to facilitate the reaction,
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including (i) high electrical conductivity, (ii) preferable catalytic sites (pyridinic N defects), and (iii) low free energy for 0, activation and high barrier

for hydrogen evolution. Indeed, DFT calculations show a low free energy barrier for the potential-limiting step to form key intermediate COOH as well as

strong binding energy of adsorbed COOH and weak binding energy for the adsorbed (0. The highest selective site toward CO production is pyridinic N, and

the NCNT-based electrodes exhibit no degradation over 10 h of continuous operation, suggesting the structural stability of the electrode.
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astery of the electrochemical con-
version of carbon dioxide and
water to fuels using renewable

electricity has the potential to shed light
on understanding the nature of artificial
photosynthesis and offer an approach to
mitigate the negative impact of anthropo-
genic carbon dioxide emissions on the
planet.'~* The field, however, has not sub-
stantially advanced in the last 30 years
primarily because of the challenge of dis-
covery of chemically active and structurally
stable electrocatalysts and membrane ar-
chitectures. An ideal catalyst for the electro-
reduction of CO,, e.g., CO, + 2H" +2e~ —
CO + H,0, is capable of mediating proton-
coupled electron transfer, possessing a low
overpotential for CO, activation while being
sluggish toward hydrogen evolution, exhi-
biting a preferable selectivity toward a
target product, and retaining structural in-
tegrity over a long operation. Significant
progress has been made since 2011%%°
toward addressing the chemical activity
originated from the oxide scale or tuned
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ionic-liquid/catalyst interfaces. Silver and
gold can selectively convert CO, to CO, a
feedstock for the synthesis of methanol in
the Fischer—Tropsch process,’” while the
ionic liquid can function as a co-catalyst to
lower the overpotential and subsequently
improve the reaction kinetics. Copper and
tin are known nonprecious metallic cata-
lysts. Copper is found to be active toward
the formation of hydrogen carbon and
alcohols.”~° Tin exhibits a superior selec-
tivity toward the formation of formate with
a Faradaic efficiency up to 98%.3 A rapid
performance degradation was observed in
both Sn- and Cu-based electrodes after
approximately 30 min from the start of
CO, electrolysis.*'°~'2 As a result, it is com-
pelling to search for efficient, durable, and
inexpensive alternatives to metal electro-
catalysts for CO, conversion.
Nitrogen-doped carbon nanotubes (NCNTSs)
are known to be an effective electrocatalyst
for the oxygen reduction reaction (ORR).
The activity of a NCNT catalyst originates from
its local defects that mediate the electronic
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Figure 1. Physical characterization of NCNTs. (a, b) SEM images of NCNTs at low and high magnification, respectively. (c) TEM
images of NCNTs (inset shows a single multiwall NCNT). (d) EELS element mapping of N and C. (e) XRD pattern. (f) Raman
spectrum. (g) Representative XPS of N 1s for NCNTs. The N 1s is deconvoluted into three peaks representing three different
N functionalities. (h) Statistic N atomic content and relative percent. (i) Schematic of graphitic, pyrrolic, and pyridinic

N configuration.

structure13’14

and its surface morphology that regu-
lates atomic arrangement and coordination.'® So far,
there are very limited reports on the use of CNTs or
NCNTs as the catalyst for the electroreduction of CO,.
CNTs have been applied as the support for the cataly-
tically active species rather than a catalyst itself.’>'®
NCNTs with a modification of polyethylenimine were
found to function as a catalyst to reduce CO, to formate
but at a high overpotential.'” The activity of NCNTs toward
the reduction of CO, remains largely unknown. The aim of
this paper is to report our recent investigation on the use
of NCNTs as the catalysts for the direct conversion of
CO, to fuel with an unprecedented low overpotential
(—0.18 V), high selectivity (80%), and durability.

RESULTS AND DISCUSSION

The NCNTs were synthesized by the liquid chemical
vapor deposition (CVD) method, injecting liquid
precursor acetonitrile and dicyandiamide with ferro-
cene in Ar/H, atmosphere at 850 °C. Spraying of the
precursor solution leads to a homogeneous NCNT
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deposition along the heating zone inside the quartz
tube. The scanning electron microscope (SEM) investiga-
tion reveals the formation of well-aligned NCNT arrays
(Figure 1a, b). Transmission electron microscope (TEM)
analysis explores the details of the microstructure where
the NCNTs are multiwalled with a bamboo- shaped
morphology due to nitrogen incorporation and free from
amorphous and vitreous carbon (Figure 1c and inset).
The mean tube diameter is around 30 nm (Supporting
Information, Figure S1). The electron energy loss spec-
troscopy (EELS) elemental mapping shows homoge-
neous N distribution in the single NCNT (Figure 1d).

In addition to morphology, the structural character-
izations were performed by X-ray diffraction (XRD) and
Raman spectroscopy. The sharpness of the (002) peak
shows the high crystallinity and graphetic nature of
NCNTs (Figure 1e). The Raman spectrum shows a
strong G-band at around 1584 cm ™' and a D-band at
around 1355 cm ™' (Figure 1f). The intensity ratio of
the D to G modes (ly/lg) for our NCNTs is 0.87, which in-
creases as compared to that of pristine CNT (/4/I; = 0.58,
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Figure 2. Performance of NCNTs for selectively electrochemical reduction of CO, to CO. (a) CVs for NCNTs in Ar- and CO,-
saturated 0.1 M KHCO; electrolyte, 50 mV s . (b) Dependence of FE of CO on applied cell potential during electrocatalysis of
CO, reduction for both NCNTs and CNTs catalysts. (c) Partial current density of CO versus applied cell potential for NCNTs and
CNTs catalysts. (d) Stability of performance of NCNTs for CO, reduction operated at potentiostatic mode of —0.8 V for 10 h.
Both current density and FE of CO remain steady over the duration of the test.

Supporting Information, Figure S9) due to nitrogen
incorporation.'® The doping of nitrogen in carbon
nanotubes leads to local distortion in graphitic sheets
due to differences in atomic masses and chemical
bond lengths of carbon and nitrogen and thus is
responsible for the increase in the /y/l4 ratio for NCNTs
as compared to pristine CNTs.

The atomic configuration and stoichiometric com-
position of NCNTs were analyzed by X-ray photoelec-
tron spectroscopy (XPS). The total N atomic content
[N/(C+ N)]in the NCNTSs calculated from the integrated
peak area under the C 1sand N 1s signal divided by their
atomic sensitivity factor is approximately 5.0 atom %
(Supporting Information, Figure S2). The high-resolution
N 1s spectrum as shown in Figure 1g deconvolutes into
subpeaks at around 398.5,400.8,and 401.5 eV, revealing
three N configurations in the carbon sp® network
corresponding to pyridinic, pyrrolic, and graphitic N,
respectively, as shown in the schematic (Figure 1i). The
graphitic N has the highest relative concentration fol-
lowed by pyridinic and pyrrolic N. The individual atomic
content for pyridinic, pyrrolic and graphitic N is 1.5, 1.1,
and 2.4 atom %, respectively (Figure 1h).

The activity of NCNTs toward the electrocatalytic
reduction of CO, was evaluated in a full electrochemi-
cal cell employing a circulating electrolyte of 0.1 M
KHCO5 as shown in our previous work.'® A catalyst ink
was prepared from the NCNTs mixing with Nafion
dispersion, 2-propanol, and deionized water and then
sprayed onto carbon paper with a diffusion layer to
form a gas diffusion electrode (GDE). The NCNT GDE
was inserted into the full electrochemical cell and
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served as the cathodic electrode for CO, reduction.
The anodic electrode was Pt/C for H, oxidation; there-
fore, the overpotential loss in the anode is negligible
(Supporting Information, Figure S3).

The cyclic voltammetry (CV) curves of NCNTs ac-
quired in Ar-saturated 0.1 M KHCO3; show the onset
potential of —0.82 V for the hydrogen evolution reac-
tion (HER), which indicates high overpotential (—0.41 V)
with reference to the apparent standard cell poten-
tial (—0.41 V under pH = 7 for 0.1 M KOH) for HER
(Figure 2a). The suppression of HER on NCNTs is
beneficial for CO, reduction. When the gas supply is
replaced with CO,, the reduction current increases
significantly. This increment in reduction current in-
dicates some CO, reduction reaction in addition to the
HER. The change in reduction current, however, is not
conclusive evidence for CO, reduction since the hydro-
gen evolution and CO, reduction are often intercon-
nected, and CO, dissolving in the electrolyte will in turn
lower the pH to further enhance the HER. Conse-
quently, the reduction products were monitored under
potentiostatic electrolysis to further confirm the occur-
rence of CO, reduction. During the electrolysis of CO,,
the cathodic compartment of the cell was continuously
purged with CO, gas and vented directly into the
sampling loop of a gas chromatography to enable
the quantification of the gas phase products. The
liquid-phase products were measured by 'H nuclear
magnetic resonance (NMR) after electrolysis at each
potential. NCNTs exhibit activity to the exclusive for-
mation of CO while no liquid product is detected
by NMR throughout the applied cell potential range.
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2 A Polycrystalline Au foil 0.5 NaKCOs 1
3 A Au powder (800 nm) 0.1 KHCO; This work
4 A Polycrystalline Au foil 0.1 KHCO; 25
5 O Ag powder (100 nm) EMIMBF4 5
6 O Nanoporous Ag 0.5 KHCO; 26
7 O Ag particles (20-40 nm) 0.1 KHCO; This work
8 O Ag powder (1 pm) 0.1 KHCO; 27
g O Polycrystalline Ag foil 0.1 KHCO; 2
10 v Zn powder (100 nm) 0.1 KHCO; This work
11 4 Polycrystalline Zn foil 0.1 KHCO; 2
12 > Oxide-derived Cu 0.5 NaHCOs 2
13 > Polycrystalline Cu foil 0.5 NaHCO; 2
14 > Cu powder (200-300 nm) 0.1 KHCO; This work
15 <& Sn powder (100 nm) 0.1 KHCO; 19
16 < MoS, powder EMIMBF, 28
17 [ NCNTs 0.1 KHCO; This work

Figure 3. Comparison of overpotential and yield of CO of NCNTs with metal catalysts. For Au, Ag, and MoS, catalyst, the
lowest overpotential is chosen to reach a comparable FE of CO of around 80%. For Zn, Cu, and Sn catalyst, the overpotential

for the maximum FE of CO is used.

The CO starts to be formed with a Faradaic efficiency
(FE) of 37% at an applied cell potential as low as —0.70 V,
which corresponds to an overpotential of —0.18 V with
respect to the apparent standard cell potential of
—0.52 V for CO, reduction to CO in the electrolyte of
0.1 M KHCO; (Figure 2b)."® NCNTs display lower onset
overpotential and higher correspondent FE of CO than
that for Ag nanoparticles (—0.27 V with FE of CO 17%)
and Au powder (—0.27 V with FE of CO 12%) under
identical testing conditions (Supporting Information,
Figures S4 and S5). This onset overpotential is also
lower than that recently reported using carbon nano-
fibers (—0.23 V) mediated by ionic liquid of 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIM—BF,).%°
The maximum FE of CO reaches around 80% at —0.78 V,

WU ET AL.

which also corresponds to a low overpotential of
—0.26 V. The achievable maximum FE of CO for NCNTs
is comparable to that for Ag nanoparticles and Au
powder; however, the overpotential to reach this high-
est FE of CO is far lower for NCNTs compared to noble
metal Ag and Au catalysts, which means more energy
efficient for NCNTs than Ag and Au (Supporting In-
formation, Figures S4 and S5). We further compared
the least overpotential required for Ag and Au catalysts
in the literatures to reach the comparable FE of CO
of around 80% with that of NCNTs (Figure 3). The
overpotentials for the highest FE of CO for metal
catalysts such as Sn, Zn, and Cu are also included
in the Figure 3 for comparison (see details in ref 19
for Sn, Supporting Information, Figure S6, for Zn, and
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Supporting Information, Figure S7, for Cu). To reach
80% FE of CO, NCNTs show much lower overpotential
than most of the Ag and Au electrodes except oxide-
derived Au nanoparticles and ionic liquid mediated Ag
powder."” These two cases are distinct from conven-
tional polycrystalline metal catalysts with aqueous
electrolyte. Oxide-derived Au electrode composed of
20—40 nm Au nanoparticles exhibits enhanced CO,
reduction activity compared to the polycrystalline Au
electrode possibly due to the presence of highly active
sites on its grain boundary surfaces, similar to oxide-
derived Cu electrodes.?’ The enhancement of activity
for Ag powder is attributed to the presence of ionic
liquid EMIM—BF,; that complexes with the (CO,)~
intermediate to lower the initial reduction barrier.®

As a benchmark, we also performed CO, reduction
on pristine CNT arrays. These CNT arrays have been
synthesized by benzene as C precursor and ferrocene
as catalyst precursor as reported in our previous pub-
lication (Supporting Information, Figures S8—510).%
These CNTs show poor activity toward CO, reduction.
The formation of CO starts at a cell potential of —1.38 V
that is more negative than that for NCNTs. Moreover,
the FE of CO is around 3.5% at this potential, much
lower than that for NCNTs (Figure 2b). In addition to
CO, formate is detected for CO, reduction on CNTs but
has a low yield, similar to that of CO, with an FE around
2.0—3.5% in the applied potential range of —1.38 to
—2.10 V. The effect of trace metal (i.e., Fe in our case) on
the catalytic activity toward ORR is an issue under
debate. Actually, Fe has been proven to have no
activity toward CO; reduction, resulting in H; evolution
of ~100% in Faradaic efficiency.?® In our case, we have
intentionally chosen the CNTs sample containing rela-
tively higher Fe residuals than NCNTs, as evidenced by
the higher current density of Fe residual redox peaks in
the CV performed in a glassy carbon electrode (Sup-
porting Information, Figure S11). The much lower
activity of CNTs than NCNTs suggests the active sites
are mainly attributed to N-doping rather than the Fe
residuals.

Partial current density for CO production (jco) as a
function of potential was extracted from data for the
constant potential electrolyses (Figure 2c). The jco for
NCNTs is 1 order of magnitude higher than that for
CNTs. The huge difference in activity between CNTs
and NCNTs indicates the significant role of N dopant
playing in the electrocatalysis process. The CO, reduc-
tion kinetics is facilitated as the cell potential sweeps
cathodically leading to the increase of jco for NCNTSs.
The jco for NCNTs undergoes a plateau as the cell
potential shifts more negatively beyond overpotential
—0.41V, reflecting mass transport limitation of CO, to
the electrodes (Figure 2c). The FE of CO decreases after
the achievement of mass transport limitation because
more electrons are consumed by HER than CO, reduc-
tion reaction (Figure 2b).

WU ET AL.

The stability is equally important to the activity when
developing catalysts for CO, reduction. Severe degra-
dation occurs to the metal catalysts, like Cuand Au, and
so far, the mechanism is still obscure."*** Thus, we
tested the long-term performance of NCNTs catalysts
at constant cell potential of —0.8 V for 10 h. The current
density maintains a steady value at around —1.0
mA cm 2 throughout the duration of the test. More-
over, the FE of CO only fluctuates slightly around 80%
over the test duration. After the long-term running, we
analyzed the morphology and surface chemistry of the
NCNTSs electrode. The NCNTs keep the bamboo mor-
phology after electrolysis of 10 h (Supporting Informa-
tion, Figure S12). In the electrolyzed electrode, the
respective concentration for pyridinic, pyrrolic, and
graphitic N is 1.4%, 1.3%, and 2.0 atom%, which falls
into the statistic region of N composition for the fresh
electrodes, showing the robustness of NCNTs electro-
des under reduction condition (Supporting Informa-
tion, Figure S12). These results clearly reveals that
NCNTs act as highly active and durable catalysts for
the electrochemical conversion of CO, to CO.

In order to understand the mechanism of electro-
catalytic CO, reduction to CO with such a superior
activity for NCNTs in terms of high efficiency and
selectivity, the following three questions are open to
be answered. (1) Why does the pathway only produce
CO, without any hydrocarbons and alcohols? (2) Why is
such a small overpotential in electrocatalysis of CO,
reduction to CO possible? (3) Why do the NCNTs
reduce CO, to CO with a high yield/Faradaic efficiency?
We proposed a mechanism to address the above three
questions based on computational hydrogen elec-
trode (CHE) model® and density functional theory
(DFT) simulations implemented in Vienna Ab-initio
Simulation Package (VASP)3° The answers to these
questions should also shed light on modification of
carbon nanostructures to further improve the activity.

We consider the reaction mechanism of electrore-
duction of CO, to CO on pristine CNT and NCNT
surfaces through the adsorbed intermediates COOH*
and CO*. Similar intermediates have been proposed for
the electroreduction of CO, on late transition metals
like Au, Pt, and Cu.?>>" The elemental reaction steps for
the CO, electrocatalytic reduction to CO are shown in
eqgs 1—3%

CO,(g) +*+H™ (aq) + e ~< COOH* )
COOH* 4 HT (aq) 4 e ~<> CO* + H,O(l) )

CO* < CO(g) + * (3)

where x denotes a free step site. This reaction mechan-
ism involves two coupled electron—proton-transfer
reaction steps (egs 1 and 2) and one nonelectrochem-
ical step, CO desorption (eq 3). The corresponding free
energy diagram for the lowest energy pathways for
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CO, reduction to CO through this scheme is shown in
Figure 4, which is calculated on the basis of the CHE
model (see details of calculations in the Supporting
Information).>*3 The overpotential strongly depends
on free energies of the first two electrochemical steps.
For NCNTs, the activation of CO, to form adsorbed
COOH* is associated with an uphill process of the first
electron—proton pair transfer at 0 V versus RHE. After
the adsorption of COOH, the free-energy pathway
becomes thermodynamically downhill to transfer the
second electron—proton pair to form adsorbed CO.
This CO is weakly bound to the NCNT surface (details
are discussed in Figure 5a), leading to the production
of CO gas. The potential-limiting step is the formation
of adsorbed COOH¥*, requiring an onset potential of
—0.30 V versus RHE at which the step becomes ex-
ergonic (downhill in free energy) at the pyridinic N site.
It implies an existence of limiting (least negative)
overpotential of —0.20 V which is close to the experi-
mental observation as shown in Figure 2b. The calcu-
lated limiting overpotential for pyridinic N is lower than
theoretical values for Cu (—0.31 V), Au (—0.63 V), and
Ag (—0.79 V).2°33 The most efficient N configuration is

2.0 e |
, pure CNT“
1
\
1
1.5' 'l “ B
— = 11 graphitic N ", O, °
1 — ~
S10{ 7 /. y = = |
[ ' I A +
g < : g8 o
+ rrolic N \ O
2 0.5{ o o ,py_—- L1 — + |
ot 1}, , pyridinicN _ N *
o — < o0V
0 0 * wy 2 N  —
“COOH +¢ +H| 03V
-0.5- -
0 1 2

(H* + ) transferred

Figure 4. Calculated free energy diagram for CO, electro-
reduction to CO on pristine CNTs and NCNTs. The free energy
diagram shows the lowest energy pathway at 0 V versus RHE
as well as at an applied least negative potential of —0.3 V
versus RHE at which the pathway becomes exergonic.

a 20 —— ——————

1.5 b
AuAg

o 101 Pd Cu CNT4

T 05 Pt )

g 0.5 Ni

S o0o{a Rh Graphitic N 4

= |

w® -0.51 r Pyrrolic N A 4

Pyridinic N

-1.04 1

1.5 ——
25 20 1.5 1.0 05 0.0 0.5
E,[CO], eV

nV)

pyridinic N followed by pyrrolic and graphitic N. In the
case of CNTs, the potential-limiting step is also the
formation of adsorbed COOH* but requiring an over-
potential of —1.9 V, much higher than that for NCNTSs,
which is in agreement with the experimental data as
seen in Figure 2b.

Moreover, in order to elucidate the high selectivity
of NCNTs toward CO production, we correlated the
kinetic activity toward CO production with the adsorp-
tion energies of COOH (Egicoory) and CO (Egicoy).>'3
Essentially, a highly selective catalyst for CO, reduction
to CO is required to possess the capability of immobi-
lizing COOH but loosening CO at the same time. In
other words, it requires strong COOH binding but a
weak CO adsorption. The Egjcoon; and Egico; for pristine
and different N functionality-doped CNTs were calcu-
lated (see details in the Supporting Information), and
the results are shown in Figure 5a. The data of metal
catalysts from ref 33 are also included in Figure 5a. For
the elemental metal catalysts, the Egicoon; and Egicoj
are linearly correlated with a small positive slope less
than one (around 0.73), which suggests that increasing
the bonding strength of COOH to the metal surface is
accompanied by a sharp increase of CO adsorption
energy. Therefore, all elemental metals are off the
maximum of kinetic activity to electroreduce CO, to
CO. For the CNTs materials, the AEcoon versus AEco is
also positively linear. However, the slope for the linear
relationship has a much larger magnitude of around
37, and thus, a significant increase of Egjcoom; only
causes a slight increase of Egico; in NCNTs, which fulfills
the essential requirement for a highly selective cata-
lysts for CO evolution. The binding energy profile
indicates the highest selective site toward CO produc-
tion is pyridinic N followed by pyrrolic and graphitic N.
The pyridinic N has a very negative value of Egcoop; as
reactive metals like Pt and Ni so that COOH can bind
tightly. On the other hand, it has a weak Egjco; similar to
Au and Ag, which renders the feasible desorption of
adsorbed CO*. Both pyrrolic and graphitic N are also
calculated to have stronger Egicoon; and weaker Egco;
than the most CO-selective elemental metal catalysts

1.0 — T T T T T
Au
a
-0.8 254 mVideca o J
Ao
o £ °
-0.6- /zr/ Ag -
/ré’ 220 mV/dec
2
-0.44 5 2 NONT ]
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-0.24 1

4.2 -0.8 -0.4 0.0 04 0.8
log (., / mA cm?)

1.2

Figure 5. Kinetic activity of NCNTs and metal catalysts. (a) Correlation of calculated adsorption energies of the key bound

intermediates of COOH* and CO*. The binding energy data for lattice surface (211) of metals are adopted from ref 33.
(b) Experimental Tafel plots of NCNT, Au, and Ag electrodes.
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like Au and Ag. As a result, the gas product of CO is
favorably produced on NCNTs instead of hydrocar-
bons and alcohols, as CO is released easily from active
N sites on NCNTs before it can be further reduced by
the successive electrons. The binding energy profile
of COOH and CO for the three N configurations
provides insight into the high FE of CO up to 80%
for NCNTs in our measurements. For the CNTs,
although the binding energy for both COOH and
CO are reasonable for selective CO production, the
free energy barrier for the first electron—proton pair
transfer is too high resulting in a very high onset
overpotential at which the HER is also promoted and
predominates over CO, reduction. Therefore, CNTs
exhibit a low yield of CO.

In order to further verify the validation of the
adsorption energy plot, a comparison of the kinetic
data extracted from the Tafel plots, log(jco) versus
overpotential (1), was made among NCNTs, Au, and
Ag (Figure 5b). The NCNTs show the smallest Tafel
slope (~200 mV/dec) compared to Au and Ag in the
low overpotential regime of —0.17 ~ —0.41 V. Addi-
tionally, the NCNTs possess exchange current density
for CO production, obtained from the extrapolation of
the Tafel region to reversible potential, three times as
big as Au and Ag (Supporting Information, Table S1).

METHODS

Material Synthesis. The NCNTs were synthesized by liquid
chemical vapor deposition (CVD) method injecting liquid pre-
cursor acetonitrile and dicyandiamide with ferrocene in Ar/H,
atmosphere at 850 °C. The concentration of ferrocene in pre-
cursors kept at 5 mg mL~". The quartz tube with diameter 5 cm
and length 1 m was placed in a three-zone horizontal furnace
with the heating zone of 81 cm. The furnace was heated to the
desired temperature from room temperature under the argon
ambience. When the optimum temperature was reached, the
precursors were injected by the syringe pump in the quartz tube
with a flow rate of 12 mL h~" in Ar/H, (80:20) atmosphere with a
flow rate of 1000 SCCM. After the experiment, the furnace was
cooled in Ar atmosphere. The pristine CNT arrays were synthe-
sized by injecting benzene and ferrocene solution under growth
conditions similar to those for NCNTs. The details about the
experimental procedure are given in our previous papers.>>*

Catalyst Characterization. The morphology of the materials
were characterized by scanning electron microscope (SEM, FEI
Quanta 400 FEG ESEM) and high-resolution field emission gun
transmission electron microscope (TEM, JEOL 2100 FEG TEM).
The crystallinity was measured by powder X-ray diffraction
(XRD) collected by Rigaku D/Max Ultima II. The microstructure
was studied by Raman spectra using Renishaw inVia Raman
microscope with 514 nm laser excitation. The chemical compo-
sition was investigated by X-ray photoelectron spectroscopy
(XPS, PHI Quantera XPS) on a PHI-5000C ESCA system with Al Kot
X-ray as an excitation source.

Electrochemical Measurements. The details of NCNT gas diffu-
sion electrode (GDE) preparation are given in the Supporting
Information. The geometric surface area of GDE was 3.8 cm?.
The loading of NCNTs was around 0.5 mg cm™2. The electro-
chemical test was carried out in a custom-designed full electro-
chemical cell with NCNT GDE as the cathode electrode, Pt GDE
as the anode electrode, and 0.1 M KHCO3 as the electrolyte. The
cell runs at room temperature and ambient pressure. The cyclic
voltammetry was carried out in the potential range of 0.15 to
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The experimental kinetic data match well with the
theoretical prediction of superior activity of NCNTs
toward CO formation over metals Au and Ag.

CONCLUSIONS

In summary, we have synthesized heavily nitrogen-
doped carbon nanotube arrays with total N content of
5 atom % by liquid CVD method. The NCNT array acts as
a highly active, selective, and stable catalyst for elec-
trocatalytic reduction of CO, to CO. Compared to noble
metals Au and Ag, these NCNTs exhibit lower over-
potentials to achieve the similar selectivity toward the
production of CO. The maximum FE of CO reaches
around 80% at a low overpotential of —0.26 V. In
contrast, pristine CNTs show poor activity and selec-
tivity toward electroreduction of CO,. The superior
activity for NCNTs is mainly attributed to a low free
energy barrier for the potential-limiting step to form
adsorbed COOH. Moreover, the suitable binding en-
ergy of the key intermediates enables strong COOH
adsorption and feasible CO desorption that contri-
butes to the high selectivity toward CO formation.
We propose that economical NCNTs are successful
alternatives to expensive noble metal electrocatalysts
for commercial CO, reduction application, with the
promise of more efficiency and higher selectivity.

—1.0 V. The CO, reduction was conducted under potentiostatic
mode for 30 min at each potential by employing a potentiostat/
galvanostat (Solartron 1470E). All of the cell potentials were
corrected by the IR drop. The Ohmic resistance of the full
electrochemical cell was measured from the electrochemical
impedance spectroscopy at open circuit voltage, with an am-
plitude of 5 mV and frequency range from 100 kHz to 0.1 Hz.

Product Quantification. Gas products from the outlet of the
cathodic compartment were vented directly into the gas-
sampling loop of the gas chromatograph (GC, Inficon Micro
3000 GC). A GC run was initiated every 10 min. The gas
concentration was averaged over three measurements. Liquid
products were identified using 1D "H NMR spectroscopy (Varian
Mercury/VX 400 MHz spectrometer) using the WET solvent
suppression pulse sequence. The sodium 3-(trimethylsilyl)
propionate-2,2,3,3-d, (TSP) was used as the internal standard
to quantify the liquid product concentration.
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