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arbon materials can be synthesized
C in various forms, such as fullerene,’
fiber,®>* tubes,® graphene,® and
graphyne.” Since the discovery of helical
nano- or microcarbon tubes and fibers,®
significant attention has been paid to these
specific structures.'®'2 Benefited from their
helical characteristics in morphology, coiled
carbon fibers/tubes display remarkable elasti-
city, mechanical strength, chirality, and
electromagnetic properties that could offer
significant potential in electromagnetic wave
absorbers,">~"> microactuators,'®'” mechan-
ical components,'® etc. The performances of
the coiled carbon fibers/tubes are usually
determined by their morphology and geo-
metry,'® and the control of the structure of the
coiled carbon fibers/tubes is essentially im-
portant in their preparation. However, the
controllable syntheses of these materials have
not been fully achieved so far partly due to a
lack of understanding of their growth mech-
anism?°~2* and how it can be adjusted.
Helical carbon species are usually pre-
pared by catalytic chemical vapor deposi-
tion (CCVD) from organic substances such
as acetylene®® and methane®® over Ni,*’
Fe,”® 5n,? or their alloys*° at high tempera-
tures (>425 °C). A small amount of sulfur or
phosphorus impurity and/or H,, Ar, and N,
dilute gas is required during these react-
ions.> In these methods, the yield, purity,
and helicity of the synthesized carbon ma-
terials depend on the catalyst, carbon
source, reaction temperature, gas-flow rate,
substrate, etc. It has been reported that the
helical carbon fibers usually grow on the sur-
face of faceted catalyst nanoparticles®’ Qin
et al. obtained one kind of amorphous helical
carbon nanofibers (HCNFs) at a temperature
as low as 195 °C by using Cu nanoparticles
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ABSTRACT The facile preparation of
high-purity carbon nanofibers (CNFs) remains
challenging due to the high complexity and
low controllability in reaction. A novel ap-
proach using gas-induced formation of Cu

Fiber morphology

crystals to control the growth of CNFs is
developed in this study. By adjusting the
atmospheric composition, controllable pre-
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paration of Cu nanoparticles (NPs) with specific size and shape is achieved, and they are

further used as a catalyst for the growth of straight or helical CNFs with good selectivity and

high yield. The preparation of Cu NPs and the formation of CNFs are completed by a one-step

process. The inducing effect of N,, Ar, H,, and G;H, on the formation of Cu NPs is systematically

investigated through a combined experimental and computational approach. The morphology

of CNFs obtained under different conditions is rationalized in terms of Cu NP and CNF growth

models. The results suggest that the shapes of CNFs, namely, straight or helical, depend closely

on the size, shape, and facet activity of Cu NPs, while such a gas-inducing method offers a

simple way to control the formation of Cu NPs.

KEYWORDS: carbon nanofibers - Cu nanocrystal - catalyst - gas-inducing

method - helical - shape control

(NPs) as the catalyst.>* Most of the faceted Cu
NPs, located at the node of these two coiled
fibers, have a rhombic projection.®® Shaikjee
et al. reported that Cu particles with a decahe-
dra (asymmetrical) shape favor the growth of
helically coiled fibers while trigonal bipyrami-
dal (symmetrical)-shaped Cu particles grow
straight fibers exclusively.3* All of these studies
indicate that the shape and size of catalyst
particles have significant influence on the
morphologies of HCNFs. Therefore, the study
of the morphology of NP catalysts is critical for
the preparation of helical carbon materials.
Several methods have been developed to
produce semiconductor and metal parti-
cles in a variety of structures like cubes,”
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core—shell**~38 tetrahexahedrons,>® and rods,*° etc.,

over the past decade.*’*? In most applications, these
NP catalysts are required to retain their high dispersi-
bility in reaction media, preferably in the form of
nanocrystals with precisely controlled shapes and
sizes. However, the effective size and shape control
and agglomeration resistance of the NPs remain a
great challenge.

Particular attention has been paid to the gas-
inducing approach by which various catalytic NPs were
produced in the atmosphere and then used in CNF
preparation.** " In this study, we proposed for the
first time a modified gas-induced technique that uses
C,H,, which also serves as carbon source, and its
mixture with H,, N, or Ar to realize the in situ prepara-
tion of high-purity straight or helical CNFs on the
formed Cu nanocatalysts from the decomposition of
cupric tartrate. The reaction proceeds with good selec-
tivity and high yield. It was found that this method is
effective in controlling the size, shape, and growth of Cu
NPs used for the preparation of carbon nanofibers. The
first-principle study of gas adsorption on the copper
surface reveals that the gases have different levels of
interaction with Cu facets, which modifies the morphol-
ogy of Cu NPs and as a consequence affects the formation
of straight or helical fibers. The details of this gas-inducing
method, such as reaction time, temperature, and sub-
strates (MgO), were studied for an effective control of the
formation of CNFs with desired morphology.

RESULTS AND DISCUSSION

Preparation of Straight and Helical Fibers. Cupric tartrate
is a usual Cu source in the preparation of Cu crystal. Qin
et al.>® reported that the cupric tartrate decomposes
into Cu nanocrystals under vacuum, and the as-synthe-
sized Cu grains are effective catalysts for the growth of
helical carbon fibers. Instead of the air-free condition,
several kinds of atmospheres were introduced during
the decomposition of cupric tartrate in our study. It was
found that the activity of the formed catalyst particles
is highly atmosphere-dependent. Three kinds of atmo-
spheres including Ny, H,, and C,H, lead to CNFs with
different morphologies in a facile process. High-purity
and straight CNFs were obtained under N,, while high-
purity and helical CNFs were obtained under C;H,. The
purity of straight or helical carbon fiber can reach 95%, as
shown in Figure 1a,c. Under H,, thick and straight fibers
were formed with a small portion of slender and helical
nanofibers (Figure 1b). The morphologies of the three
kinds of carbon fibers are shown in Figure 1la—c. In
addition to the difference in shape, the straight and helical
fibers have significant different diameters, from 150 to
300 nm for the former and about 100 nm for the latter.

The above observations indicate that some physical
or chemical interactions exist between the atmosphere
and the Cu surface and affect the formation of helical or
straight CNFs. In order to obtain Cu nanocrystals with
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desired size and structure, a technique to prevent the
particles from the aggregation and oxidation is re-
quired before the CCVD process. In this study, the
thermotropic behavior of the catalyst precursor with
differential scanning calorimetry (DSC) was first inves-
tigated. The DSC curve of the cupric tartrate shows
one endothermic peak at 276 °C at a heating rate of
10 °C/min under N, (Figure S1 in Supporting
Information) but two endothermic peaks at 261.0 and
271.8 °Cat 5 °C/min (Figure S2), which are attributed to
pyrolytic decomposition of cupric tartrate into metallic
copper and tartrate fragments.> The exothermic peaks
at 283.4 °C in Figure S1 and 294.6 °C in Figure S2
correspond to the combination and crystallization of
Cu atomes. It is clear that the heating rate has consider-
able influence on the Cu nanocrystal formation. There-
fore, a heating rate of 3 °C/min and a maximum
temperature of 271.8 °C were set for a precise control
of Cu crystallization in this study.

The Cu nanocatalysts were then obtained under N,,
H,, and C,H,. Figure 1d shows the environmental
scanning electronic microscope (ESEM) image of the
copper particles generated under N, which exhibit
various shapes such as spheres and rods and have an
average grain size of about 120 nm. However, the
particles obtained under H, atmosphere have much
smaller diameters of about 50 nm (Figure 1e), and
these Cu NPs tend to aggregate with each other in
order to reduce their surface energy. The size distribu-
tion of the Cu particles produced under N, and H, was
measured from their TEM images with the Nano
Measurer>® program. The results are shown in Figures
S3 and S4. The particle size under N, ranges from 61.52
to 202.59 nm with an average of 117.91 nm, while the
particles under H, have a wider size distribution from
18.78 to 374.69 nm and have an average size of
125.50 nm. However, a direct observation to the Cu
NPs under C;H, is not applicable since C;H, quickly
adsorbs onto the Cu surfaces and polymerizes with
each other to form carbon fibers3' It is speculated that
the “fiber seeds” generated at the initial stage adhere
to and coat the Cu NPs and prevent the NPs from
further aggregation. To verify this speculation, H, was
used as a carrier of C;H, to speed the C;H, polymer-
ization. As it is shown in Figure 1f, uniform Cu NPs were
obtained from the decomposition of cupric tartrate at
271.8 °Cfor 10 s under a mixed gas atmosphere (C;H,/
H, = 1/10, flow rate of C;H,: 10 mL/min). These Cu NPs
have an average size of about 50—80 nm and are
dispersed fairly well. We have shown that temperature,
gas composition, ratio, and flow rate have considerable
influence on the formation of Cu NPs and CNFs. Further
studies on these factors would be helpful for a more
precise control over the CNF shapes and sizes.

Correlation between Carbon Fibers and Catalyst Particles.
Further analysis was conducted to understand the
relationship between the morphology of carbon fibers
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Figure 1. SEM images of three kinds of carbon fibers (a—c) and their corresponding catalyst particles (d—f) obtained from the
decomposition of copper tartrate under N,, H,, and a mixed gas atmosphere (C;H,/H, = 1/10) at 271.8 °C, respectively.

and the catalyst particles on which they grow. TEM
images of typical straight and helical nanofibers are
shown in Figure 2. In Figure 23, the straight CNFs have
a linear structure with diameters of 100—200 nm. The
inside catalyst particles are sphere-like with a diameter of
90—180 nm, as shown in Figure 2c. In contrast, the helical
nanofibers are more slender than the straight fibers, and
the wrapped catalyst particles are polyhedral in most
cases (Figure 2b). Most of these faceted particles have
different lengths in edge without symmetry in architec-
ture, located in the middle of the helical fibers, as
shown in Figure 2d. The particle size is about
20—80 nm. The two branches of the helical fibers
are the mirror images of each other, and they exhibit
identical cycle numbers, fiber diameters, coil di-
ameters, and coil pitches. Most of the helical fibers
have diameters between 50 and 100 nm, whereas the
straight fibers usually have larger diameters. The
diameters of the two kinds of fibers (straight and
helical ones) are approximately equal to the size of
the catalyst particle. These results indicate that the
morphology of carbon fibers is related to the poly-
gonal nature of the catalyst particles and the fiber
diameter is related to the catalyst particle size.

A salient feature of catalyst particles is their shape
change during fiber growth,*"** which suggests that
acetylene has the selectivity during the adsorption on
the different facets of Cu particles, making different
facets have different growth rates. As a result, a
reconstructure of the particles occurs to form more
regular structures. Different atmospheres, N,, H,, and
C,H,, tend to have different activities on the Cu surface,
which is speculated to govern the differential growth
leading to straight or helical CNFs.

JIAN ET AL.

100 nm 50 nm

Figure 2. TEM images of typical straight and helical carbon
fibers.

First-Principle Study of Gas Adsorption on the Cu Surfaces.
To reveal the impetus for the diverse Cu particle
growth, we investigated the surface properties of the
copper crystals under different atmospheres, in parti-
cular, to their surface activity, which is directly related
to the particle growing preference, by means of density
functional theory (DFT) calculations under the general-
ized gradient approximation (GGA) of Perdew and
Wang, as implemented in the DMol® package.>® Four
gases, namely, Ar, N,, Hp, and CyH,, were selected for
the purpose of comparison.

The selected four gases exhibit quite different
adsorption behavior. The equilibrium distances of Ar
from the closest Cu atoms are 4.16, 4.15, and 4.01 A in
the low-index (100), (110), and (111) surfaces, respec-
tively, indicating a rather weak interaction between Ar
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Figure 3. Optimal adsorption sites of H, molecule on Cu(100), (110), and (111) surfaces. Cu atoms are denoted in blue (the first

layer) and red (internal layers). H atoms are in white.

and the crystal surfaces (Figure S5). N, has a similar
behavior with Ar, molecularly kept away from all three
surfaces with the N—N distances of 3.48, 3.43, and
3.77 A, respectively (Figure S6). The corresponding N—Cu
distances are 1.10, 1.10, and 1.11 A, indicating a very
weak interaction of N, on the crystal surface. Therefore,
both Ar and N, stay far away from the Cu surfaces. It
can be assumed that the atmosphere of Ar and N, has
very little effect on the Cu NPs growth under normal
atmosphere.

In contrast, H, is adsorbed dissociatively on the
Cu(100) and (110) surfaces, while it remains in its
molecular form on the (111) surfaces, resulting from
the mismatch between the H—H bond length and
Cu—Cu distance on the (111) surface. There are three
possible adsorption sites for H,: atop, bridge, and
hollow on these three surfaces. However, the atop
adsorption was found to be much less stable than
the other two. Three kinds of energetically favorable
geometries of H, on the (100) and (110) surfaces
including bridge—bridge (BB), bridge—hollow (BH),
and hollow—hollow (HH) were identified, as shown in
Figure 3. In all three patterns, H, is basically parallel to
the surface and the H—H distances are 2.87, 2.97, and
2.71 A. They are much longer than 0.75 A, which is the
bond length of free H, at the same level. The corre-
sponding Cu—H distances are 0.79, 0.99, and 1.08 A,
respectively, indicating a strong bonding between the
H atom and the surface. Affected by the H, chemisorp-
tion, the Cu—Cu distances near the adsorption sites are
subjected to some changes of about —0.09 ~ +0.17 A.
The most favorable structure is the BH geometry found
on the (110) surface, which is 0.16 and 0.01 eV more
stable than the BB and HH, respectively. Therefore, the
H, adsorption is strong enough to change the surface
activity of Cu NPs and as a consequence to affect
the growth along the corresponding facets.
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Acetylene on the low-index Cu facets is either
molecularly or dissociatively adsorbed, as shown in
Figure 4. Five energetically favorable conformations of
C,H; on the Cu surface were identified. Four of them
are two-fold hollow (TFH) adsorption, while the rest are
four-fold hollow (FFH) adsorption. In all cases, Cu
bonds with C atoms and makes C;H, bent or disso-
ciated. Three of the four TFH patterns (Figure 4a—d) are
molecular adsorption. In the three patterns, the C—C
axis is almost parallel to the copper surface, and the
carbon atoms are 1.28—2.19 A above the copper layer.
The H—C—C bond angles change from 180 to 148.72
and 140.00°on (111),t0 119.81 and 119.76° on (100), to
119.59 and 119.69° on (110). The C—C bond length of
the adsorbed C;H, moiety increases to 1.30, 1.37, and
1.35A0n(111),(100), and (110), respectively. In the last
TFH pattern (Figure 4e), C,H, is dissociated with the
C—C and C—H distances of 1.25 and 2.92 A, respec-
tively. The shortest C—Cu distance is 1.91 A, which is
much shorter than those in other patterns. In the FFH
adsorption, C,H, binds to four copper atoms with C—C
and C—H distances of 1.39 and 1.10 A.

The interaction between the adsorbate and surface
is indicated by its adsorption energy (E.q), which is
defined as the energy difference between the ad-
sorbed system and free adsorbate and the surface.
Table 1 lists the E,4 of the four gases on Cu(111), (100),
and (110) surfaces. E,q values are very small for N, and
Ar but are large for C,H,. H, has an intermediate E q
value. From these calculations, it can be seen that C;H,
has the most strong interaction with the Cu surface,
followed by H,, while N, and Ar are inactive. Moreover,
H, and C,H, have preferences to certain Cu facets. In all
of the «calculations, the inclusion of dispersion
correction®” increases the E,q value by 11—84% but
does not change the E,4 order, as shown in Table 1. The
PW91 and PBE functionals produce similar E,q values,
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Figure 4. Optimal adsorption sites of acetylene on Cu(100), (110), and (111) surfaces. Cu atoms are denoted by large blue (the
first layer) and red (internal layers) balls, C and H atoms are shown in gray and white, respectively.

while BLYP underestimates the E,q. However, the E.q
order of these three functionals is essentially the same.

By placing one to four H, or C,H, molecules on the
Cu surface, the E,q variation with coverage was inves-
tigated. The computed results are given in Table S3.
The E,q4 variation depends on the adsorbate, adsorp-
tion pattern, and crystal facet. Here we discuss only the
strongest adsorption, C;H, on Cu(111), whose E.q
values for the second, third, and fourth adsorptions
are all positive, indicating that C;H, has the tendency
to be adsorbed onto the Cu surfaces successively. In
order to model the behaviors of Cu NPs at a very
beginning stage, which are very small in size, the
adsorption on a Cug cluster was calculated. The Cug
structure was taken from our earlier study.’®**® The
adsorption of Ny, Ar, H,, and C;H, on the Cug cluster at
various sites was studied. The four gases have different
E.q values, so do the different adsorbing sites on Cug
surfaces, as shown in Table S4, revealing that the
adsorption is gas- and site-selective for small-sized
Cu NPs, which is similar to the bulk case.

Under H,, C;H,, or their mixture, the active sites on
the Cu NP facets are dynamically occupied by gas
molecules. Since the adsorbates have different prefer-
ences toward different facets, the occupancy rates are
different from facet to facet. For example, the H, favors
the adsorption on the (100) and (110) instead of the
(111) surfaces, and the BH adsorption on the (110)
surface is most favorable, making these surfaces have
different occupancy rates under adsorption—desorption
equilibrium. The growth of Cu crystals on a surface will
be hindered when it is occupied by gas molecules. As a
result, the Cu growth may have different rates on the
surfaces depending on their adsorbing ability to the
gas molecules, which leads to different growth rates
on the Cu NP surfaces and results in various shapes of
Cu NPs. By this way, the gas component, H, or C;H,,
affects the Cu NPs' growth preference and modifies
their morphologies. For example, the small size of
C,H,- and Hy-induced NPs is attributed to the coverage

JIAN ET AL.

TABLE 1. Computed Adsorption Energies (E,q4) of N, Ar,
H,, and C;H, on the Cu Facets”

Exa/eV

system adsorption sites PW91 PW91+D PBE PBE+D BLYP
GH,/Cu(11) TFH 1.63 1.98 165 19 073
C,H,/Cu(100) TFH 136 1.89 154 226 050
GH,/Cu(110) TFH-1 0.77 1.29 099 196 055
GHy/Cu(110) TFH-2 0.94 1.06 076 158 036
GH,/Cu(110) FFH 0.97 1n 139 292 0.70
H,/Cu(110) BH 0.23 0.40 025 101 0.13
H,/Cu(100) HH 0.22 0.60 042 146 022
H,/Cu(100) BB 0.07 0.44 026 142 0.13
N,/Cu(100) H 0.04 0.22 012 07 0.05
N,/Cu(110) B 0.09 0.18 0.08 012 0.01
No/Cu(111) H 0.07 0.18 0.07  0.62 0.02
Ar/Cu(100) TFH 0.08 0.26 017 078  0.00
Ar/Cu(110) TFH 0.13 0.18 011 004 005
Ar/Cu(111) TFH 0.10 0.18 010 037 0.01

a =
Ead = Egas + Esurf - Egas/surf-

of gas molecules on Cu surfaces; the shape and size
distribution are controlled by adjusting the gas com-
position since the adsorption is related to the partial
pressures of gas components.

Adjustment to Reaction Conditions. The growth of carbon
materials depends not only on the catalyst but also on
the reaction conditions. Several factors that affect the
morphologies of carbon fibers were identified. The reac-
tion time for Cu nanocrystal formation, which starts from
the decomposition of cupric tartrate until C;H; injection,
definitely affects the size and topography of the formed
Cu NPs. Longer reaction time promotes larger-size NPs.
By extending the reaction time from 30 min to 2 h, larger-
size Cu NPs (>1 um, Figures S8 and S9) were obtained
than those shown in Figure 1d. Using these large-size NPs
as catalysts, the obtained fibers are mostly in straight and
thick form, confirming the above mechanism that the
size and morphology determine the fiber shapes.

The substrate also has influence on the NP size by
preventing the NPs from the aggregation. By carefully
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Figure 5. Morphologies of the three special fibers prepared
at 300 °C for 60 min under N,. SEM (a) and TEM (b) images of
the straight fiber with different fiber diameters. (c) TEM and
(d) images of the fibers with trident structure. (€) SEM and (f)
images of fibers possessing the structure of submicro helix
with coil diameters of (e) 500 nm and (f) 975 nm.

selecting the substrate, for example, MgO, Al,Os, etc.,
a very small size of NPs can be obtained. The substrate
effect on the CNF formation has been studied by
several researchers.®®®" To lower their surface energy,
the small-sized NPs tend to adopt spherical structures®®>°
and exhibit catalytic isotropy, resulting in the formation
of curved fibers. In this study, smaller Cu particles were
obtained on a MgO substrate (MgO/cupric tartrate = 3:1)
and in situ applied to the CNF growth. Curved fibers
(Figure S10) about 20 nm in diameter were produced,
while the wrapped Cu particles are spherical in shape and
less than 20 nm in size, as shown in the HRTEM image
(Figure S11).

In addition, another three types of fibers, neither
straight nor helical, were found at higher temperature
of 300 °C. The first one has a jump, where a Cu NP sits
within the diameter along the fiber direction, as shown in
Figure 5a,b. The thicker branch grows on the surface with
larger area, while the thinner grows on the side with
smaller area. The second one is the fiber with a trident
structure (Figure 5¢,d), which has the similar morphology
with the previously identified Y-shaped and tripod-like
carbon fibers.®*®* The third one is a submicro helix,
whose diameter is larger than 100 nm, as shown in
Figure 5ef. These submicro structures originate from
NPs with large facet area. These three structures account
forabout 2, 3, and 8% among the common straight fibers,
respectively, as analyzed from the SEM image in Figure S12.
Our observations on morphologies of Cu NPs and
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Figure 6. Interplay among gas-inducing, thermal, and size
effects on the formation of carbon fibers.

CNFs suggest a close correlation between the NP
structures and the fibers growing on them, although
the details of this correlation are not fully revealed.

In summary, Cu particles, atmosphere composition,
and synthetic temperature are the main aspects in the
growth control of CNFs. Figure 6 shows a schematic
diagram that describes the dependence of CNF morphol-
ogy on the Cu NP size. With increasing particle size, the
formed CNFs have a series of changes in morphology. On
the basis of the experimental and computational results,
we found that three effects are relevant to the CNF
growth. The first is “nano effect”, which is dominant when
the Cu NPs are smaller than 20 nm. Because of their large
surface area, the particles tend to adopt spherical struc-
tures on which thin and curved CNFs grow. Between 20
and 100 nm, the particle shapes are related to the
atmosphere under which either straight or helical CNFs
can be prepared depending on the atmosphere compo-
sition. The size distribution of NPs is closely related to the
reaction temperature. The Cu NPs aggregate quickly and
grow into large Cu nanoparticles (>100 nm) with regular
shapes at high temperatures (300 °C or higher). These
regular particles have large facets in favor of the forma-
tion of straight and thick fibers. Therefore, the adjustment
of NP size distribution and reaction temperature is the
key to atmosphere induction technique for high-purity
straight or helical CNF preparation.

CONCLUSIONS AND OUTLOOK

A gas-inducing method was developed to achieve
the controllable preparation of straight and helical
carbon nanofibers. First, the Cu NPs with specific size
and shape were produced under atmospheres of N,
H,, Ar, and/or C,H,. A direct correlation of the structure
and surface reactivity of Cu NPs with atmospheric
composition was observed and revealed by density
functional theory calculations. Second, the straight or
helical high-purity CNFs catalyzed by the Cu NPs were
prepared under facile reaction conditions. The mor-
phology of CNFs highly depends on the size, shape,
and surface reactivity of the Cu NPs. As a result,
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the CNFs with specific morphology can be controllably
prepared by adjusting the atmospheric composition.
This newly developed gas-inducing method not
only has advantages to carbon fiber synthesis but also
finds its way to potential application in the preparation

METHODS

Experimental Procedures. The Cu NPs in question generated
from the decomposition of cupric tartrate were prepared from
potassium sodium tartrate and copper(ll) chloride with a pre-
cipitation method.>*%* The fabrication of the nanofiber was
carried out at atmospheric pressure in a quartz tube (45 mm in
diameter and 1300 mm in length), which was set into a horizontal
furnace and heated at a specific rate of less than 3 °C/min. A
ceramic boat paved with a thin layer of the catalyst precursor was
placed into the center of the reaction tube. The heating con-
tinued until the catalyst precursor was decomposed into copper
particles at 271.8 °C under atmosphere of nitrogen, hydrogen,
acetylene, or mixtures thereof. Then, acetylene was introduced
into the tube to form the nanofiber. The morphologies of the
catalyst particles and the fibril samples were observed using an
environmental scanning electron microscope (ESEM, Fei, Quanta
200) and a field emission scanning electron microscope (FESEM,
Fei, Inspect-F), both with an accelerating voltage of 20 kV.
Meanwhile, the catalyst particle embedded in the middle of the
nanofiber was investigated employing transmission electron
microscopy (TEM, H-700H) at an accelerating voltage of 160 kV.

Computational Details. The quantum chemical calculations
were performed using the Materials Studio Dmol® version 4.1
packages (Accelrys, San Diego, CA). These calculations employed a
GGA-type Perdew—Wang exchange-correlation functional (GGA-
PW91)>> and a double numeric polarization (DNP) basis set with
effective core potentials. Two more functionals, PBE and BLYP,
were also used for comparison. Dispersion effect was included in
the PW91 and PBE calculations. The basis set superposition error
correction was applied to all of the adsorption energies. The
surface was treated with the slab model, in which the neighboring
surfaces are separated by 15 A of vacuum. A supercell of 2 x 2 x 4
(4 layers of substrate), and fine mesh points were chosen. A
standard value of 44 A is assigned to be the cutoff radius. No
symmetry constraint was imposed during geometry optimization.
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