SCIENCE CHINA Materials

LETTERS

mater.scichina.com link.springer.com

Published online 17 July 2020 | https://doi.org/10.1007/540843-020-1396-7

Sci China Mater 2020, 63(11): 2351-2357

)\ CrossMark

& click for updates

Plasma-requlated N-doped carbon nanotube arrays
for efficient electrosynthesis of syngas with a wide

CO/H, ratio

Yan Iil, Yanmei Shil*, Cuibo Liu' and Bin Zhangl’z*

Syngas, a mixture of CO and H, with a specific ratio, is of
great necessity for the industrial production of olefins,
liquid fuels, polymers, and drugs [1-4]. Currently, syngas
is mainly acquired under harsh conditions from the ga-
sification of solid coal and petroleum coke, as well as the
steam reforming of natural gas [5,6], which accelerate the
energy crisis and aggravate CO, emission. Electro-
chemical CO, reduction reaction (CO,RR) is considered
to be a promising strategy to solve these problems [7,8].
Although the conversion of CO, to multicarbon products
is still elusive, electrocatalysts towards CO are extensively
studied [9-15]. By adjusting the reaction rates of CO,RR
to CO and the competing hydrogen evolution reaction
(HER), the syngas with a controllable ratio of CO/H, can
be obtained under mild conditions [16,17].

Carbon materials are among the well-established elec-
trocatalysts for CO,RR, because of their excellent con-
ductivity, chemical stability, and abundant active sites
[18]. Though the intrinsic activity of carbon materials is
poor, the introduction of heteroatoms (N, S, B, etc.) can
effectively promote their electrochemical activity and se-
lectivity [19-23]. Taking N-doped carbon materials as the
examples, the doping N atoms exist in the forms of
pyridinic N, pyrrolic N, graphitic N, and oxidized N in
the carbon materials. With different N-doping forms, the
corresponding electrochemical CO,RR performance may
exhibit a huge difference [24,25]. For instance, recent
studies showed that pyridinic N atoms were more likely
to adsorb CO, and serve as the favorable sites for CO,RR
[26-28]. Accordingly, the CO,RR performances can be
manipulated by regulating the component of the carbon
materials.

Plasma treatment has recently emerged as a promising

technology for surface modification and material synth-
esis in the field of electrocatalysis [29-31]. Plasma is the
fourth state of matter composed of molecules, radicals,
ions, and atoms with equal positive and negative charges
[32]. Under sufficient energy (such as electric discharge),
plasma is generated from argon, oxygen, etc. to produce
charged particles bombarding the sample for cleaning,
etching, or exfoliation [33]. Plasma treatment could be
conducted at room temperature without producing che-
mical wastes and changing the main structure of the
materials [34,35]. By optimizing the operating condition,
plasma treatment will be an attractive strategy to regulate
the component of carbon materials in a facile way.

Here, we present the synthesis of syngas with a con-
trollable ratio of CO/H, by electrochemical CO,RR over
Ar-plasma-treated N-doped carbon nanotube arrays
(pCNTA, Fig. 1a). The component of the N-doped carbon
nanotube arrays (CNTA) is regulated by Ar-plasma
treatment. And the CO Faradaic efficiency (FE) of the
optimized sample reaches up to 75% with the stability for
over 10 h. With different conditions of plasma treatment,
the ratio of CO/H, can be adjusted from 0.55 to 3.03,
which is appropriate for the typical downstream Fischer-
Tropsch synthesis.

The CNTA is prepared by a facile two-step strategy (see
more details in the Experimental section and Fig. S1,
Supplementary information). Under the observation of a
scanning electron microscope (SEM), the as-prepared
CNTA demonstrates the homogeneous nanowire arrays
with the length of several micrometers grown compactly
on the substrate (Fig. S2). A closer look at the CNTA
shows the nanowires are slightly curled with a diameter of
about 100 nm (Fig. 1b). The transmission electron mi-
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Figure 1 (a) Ilustration of the preparation of pCNTA. (b) SEM image, (c) TEM image, (d) HRTEM image, (e) Scanning TEM and elemental
distribution mapping images, and (f) Raman spectra of the as-prepared CNTA. The inset in (c) is the corresponding SAED pattern. The scale bar in

(e) is 100 nm.

croscopy (TEM) image of the CNTA exhibits a multiwall
nanotube structure (Fig. 1c). The ring in the corre-
sponding selected area electron diffraction (SAED) pat-
tern matches well with the (002) plane of a CNT (inset
Fig. 1c). The high-resolution TEM (HRTEM) image
shows the interlamellar spacing of 0.34 nm (Fig. 1d),
which is in accordance with the layer distance of single-
layer graphene [36]. Elemental distribution mapping
images of the as-prepared CNTA indicate that the sample
is composed of C and N, both of which distribute uni-
formly on the whole nanotube (Fig. 1e). The result of the
elemental analyzer shows that the percentage of N in
CNTA is ~15%. These results illustrate that the N-doped
multiwall CNTA is successfully prepared. Then Raman
spectroscopy was employed to further investigate the
structure of CNTA. As shown in Fig. 1f, four bands can
be deconvoluted from the Raman spectrum of CNTA.
Besides the well-known D band at 1350 cm ' and G band
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at 1600 cm ', bands at 1200 and 1510 cm ' are also found
to reflect the carbon atoms outside the perfect sp’ plane
like aliphatic hydrocarbons or amorphous structure, and
the distorted structure such as the doping of heteroatoms
[37,38], respectively, indicating the as-prepared CNTA is
quite disordered.

Then, Ar-plasma treatment with different conditions
was conducted on the CNTA. As shown in Fig. 2a and
Fig. S3, nearly no morphological change appears in the
PCNTAn (n represents the treatment time). The result of
the elemental analyzer shows that within 10-min plasma
treatment, the percentage of C and N in the pCNTA
changes little (Fig. 2b). If the treatment time is longer
than 10 min, both the contents of C and N begin to de-
crease in proportion to the treatment time. In the C 1s X-
ray photoelectron spectra (XPS) of the as-prepared
CNTA, the peaks at 284.3, 285.1, and 286.3 eV are at-
tributed to C=C, C-C, and C-N/C-O, respectively [39-
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Figure 2 (a) SEM image of pCNTA. (b) Elemental analysis of C and N; (c) C 1s and (d) N 1s XPS spectra of pCNTAs. Effects of plasma treatment on
the component percentage of CNTA and pCNTAs: (e) XPS spectra, (f) Raman spectra.

41]. After plasma treatment, a new peak at 288.3 eV ap-
pears assigned to C=0, which can be attributed to the
oxidation of the freshly-treated pCNTA after exposure in
air. As for N 1s spectra, only two peaks can be found in
Fig. 2d, i.e., peak at 398.5 eV for pyridinic N and peak at
400.5 eV for pyrrolic N [23,42,43]. Obviously, the N
content decreases with long-time plasma treatment.

The investigation on the variation of each component
under different plasma treatment times shows that the
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percentage of each component does not change linearly
with the treatment condition. The variation is selectively
summarized in Fig. 2e. The percentage of pyrrolic N
decreases first, and then increases. While the percentage
of pyridinic N is just the opposite. An inflection point
appears at pCNTA10. Additionally, the ratio of Ip/I; in
the Raman spectra rises with the treatment time
prolonging, indicating the increase of the defect structure
after plasma treatment (Fig. 2f and Fig. S4). Further
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analysis indicates that the percentage of N doping and
defects of carbon outside the sp’ plane present a similar
varijation to that observed from XPS. The percentage of N
doping first rises then falls, and that of carbon outside sp’
plane is on the contrary. The inflection points of them
both appear at pCNTA10.

Considering the special feature of pCNTA10, we first
compared the electrochemical CO,RR performances of
CNTA and pCNTA10. The corresponding electro-
chemical performances were measured in a standard
three-electrode system in 0.5 mol L' NaHCO;. The linear
scan voltammetry (LSV) curve of CNTA in CO,-satu-
rated electrolyte shows a much larger current than that in
Ar (Fig. 3a). After plasma treatment, the current density
of pCNTA10 further increases. With CO, bubbling, two
gaseous products, H, and CO, can be detected for both
CNTA and pCNTAI10 by gas chromatography (GC)
(Figs S5, S6). No liquid product is detected. And —0.82 V
vs. reversible hydrogen electrode (RHE) is the optimal
potential for CO production (Fig. 3b). Specifically, the
CO FE of pCNTA10 at —0.82 V is up to 75 %, obviously
higher than that of CNTA (53%). The CO production rate
of pCNTAI0 at —0.82V is 0.252mmolcm ~h ', also
higher than that of CNTA of 0.135mmolcm ~h'
(Fig. 3c). Besides, both CNTA and pCNTAI0 exhibit

excellent FE stability and current density stability at
—0.82 V for over 10 h (Fig. 3d and Fig. S7). Additionally,
the carbon source of CO in the product was investigated
through the isotope labelling experiment (Fig. 3e). By
using °CO, as the feedstock, a strong peak at m/z of 29
attributed to ’CO can be found in the GC-mass spectrum
(GC-MS), demonstrating that the obtained CO is from
CO, rather than the electrolyte or the decomposition of
the catalyst. Furthermore, in situ potential-dependent
attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy was employed to probe the
reaction path over CNTA and pCNTA1l0 (Fig. 3f-g).
CNTA and pCNTA10 show similar spectra. The band at
1635 cm ' is attributed to interfacial water [44]. While the
band at 1400 cm ' represents the absorption of *COOH
[45,46], indicating the formation of CO is with *COOH
as the intermediate. The *COOH intensity of pCNTA10
is slightly stronger than that of CNTA, reflecting that the
plasma treatment is beneficial to the selectivity to CO.
The CO,RR activity of all the plasma-treated samples
with CNTA (Fig. 4a) was investigated, showing only CO
and H, as the products. And the optimal potential for CO
is —0.82'V for all the samples as well. Among all the
plasma-treated samples, pPCNTA10 performs the highest
FE of CO. Given the special place of pCNTAI10 in the
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Figure 3 (a) LSV curves of CNTA and pCNTA10 under Ar and CO,, respectively. (b) FEs of CNTA and pCNTA10 under different potentials. (c) CO
production rates of CNT and pCNTA10 under different potentials. (d) FE stability of CNTA and pCNTA10 at —0.82 V. (e) GC-MS spectrum of the
gaseous products of pPCNTA10 by using “CO, as the feedstock. The peak at 28 corresponds to “co resulting from inevitable CO, in the system.
And the peak at 45 represents the "CO, as the feedstock. (f, g) In situ potential-dependent ATR-FTIR spectra of (f) CNTA and (g) pCNTAI0.
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Figure 4 (a) FEs of CNTA and pCNTAs at given potentials. Light-colored column and dark-colored column represent H, and CO, respectively. (b)
Yield rates of syngas and (c) molar ratio of CO/H, over CNTA and pCNTAs at —0.82 V.

structure variation (Fig. 2e-f), it can be speculated from
the results of XPS that the pyridinic N facilitates the
formation of CO, while pyrrolic N is in favor of HER. As
for the results from Raman spectra, N doping, especially
pyridinic N as indicated by XPS, is beneficial to CO,RR,
and the carbon outside the sp” plane is on the contrary.
Furthermore, at —0.82 V, all the samples show a similar
total syngas yield rate of around 0.3 mmolcm “h''
(Fig. 4b), and the corresponding CO/H, ratios range from
0.55 to 3.03 (Fig. 4c), which is suitable for the down-
stream Fischer-Tropsch synthesis [47]. As a result, the
syngas with a tunable CO/H, ratio can be simply adjusted
through Ar-plasma treatment with different conditions.
In our case, although altering the applied potential can
also adjust the CO/H, ratio of the generated syngas, the
huge difference in the yield rate at different potentials will
severely limit the potential practical application (Fig. S8).
With the facile treatment of Ar plasma, the syngas with
different CO/H, ratios can be acquired at the close yield
rate. Besides, CNTA contains the necessary components
for both HER and CO,RR. And the plasma treatment on
CNTA leads to a synchronous change on these compo-
nents, providing an opportunity to simultaneously ma-
nipulate the reaction rate of HER and CO,RR.
Additionally, plasma treatment also introduces many
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exposed edge sites, making pCNTA more active for
CO,RR [438]. In this way, the resulting CO/H, ratio can be
further expanded.

In summary, we demonstrate the facile Ar-plasma
treatment to CNTA as electrocatalyst to efficiently gen-
erate the syngas with a controllable CO/H, ratio. Under
Ar-plasma treatment for 10 min, the pCNTA10 exhibits
the highest CO FE of 75% with stability for more than
10 h. By changing the treatment conditions, the CO/H,
ratio can be regulated between 0.55 and 3.03, which is
capable of Fischer-Tropsch synthesis. Combining the re-
sults of structural variation and the results of FE, it can be
deduced that pyridinic N is advantageous for the for-
mation of CO, while pyrrolic N and carbon outside the
sp’ plane are in favor of HER. Our work not only reveals
the relationship between the structure and the CO,RR
activity of CNTA, but also opens up a new path for ef-
ficient production of syngas with a tunable ratio of CO/
H.,.
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