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We report a facile synthesis of wavy carbon nanowires (WCNWs) derived from polyurethane via KOH
activation. The success of this synthesis relies on a carefully designed activation procedure, which
involved one pre-activation stage to form suitable precursor and one high-temperature activation stage
to allow directional carbon reconstruction. In particular, PU was initially mixed with KOH and thermally
treated sequentially at 400 °C and 800 °C for 1 hour, respectively. The resultant products exhibit high
purity in the shape of wavy wire, together with a uniform diameter of 51 + 5.2 nm and the length in the
range of 2-8 um. Systematic studies have been conducted to investigate the effect of reaction
parameters in two activation stages on the morphology and structure of final products. It is worth noting

that the as-prepared WCNWs could find promising use in the field of both nanoparticle separation and
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Introduction

Carbon nanomaterials with at least one dimension between 1
and 100 nm can be classified as zero-dimensional (0D) (fuller-
enes, onion-like carbon, carbon/graphene dots and nano-
diamonds),"” one-dimensional (1D) (carbon tubes/fibers,
carbon nanohorns, and carbon wires),*® and two-dimensional
(2D) nanomaterials (graphene, multilayer graphitic nano-
sheets and graphene nanoribbons).*** Among them, 1D carbon
nanomaterials have attracted enormous research interest due to
their unique properties and applications in biomedicine,
adsorption, energy conversion and storage and fabrication
nanoscale devices.”>™ This is owing to their excellent biocom-
patibility, large specific surface area and fabrication of junc-
tions with different shapes and networks as conducting
nanowires. As for their application in energy conversion, 1D
carbon structures could provide both shortened pathways for
electrolyte ion transport and large electrode/electrolyte inter-
faces to facilitate rapid charge-transfer reactions. To this end, it

“School of Chemistry and Chemical Engineering, Shandong University, Jinan,
Shandong 250100, P. R. China

’National Engineering Research Center for Colloidal Materials, Shandong University,
Jinan, Shandong 250100, P. R. China. E-mail: yiqunzheng@sdu.edu.cn; shifenghou@
sdu.edu.cn; Tel: +86-531-88363180; +86-531-88362815
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c8ra02639d

This journal is © The Royal Society of Chemistry 2018

mA mgpd‘1 and the value of its electrochemical active surface area is 60.5 m? gpd‘l.

has become of great importance to explore feasible methods for
synthesis of 1D carbons with tunable structure and properties.

Thanks to the research efforts contributed by many groups, it
is now possible to fabricate 1D carbon nanomaterials via
a number of techniques, including arc-discharging," thermal
evaporation,® laser ablation,'® electrospinning technique,"” and
chemical vapor deposition (CVD).*® For example, Lee and his
colleagues first reported the synthesis of carbon nanowires
(CNWs) by a thermal evaporation method in 1999.* They ob-
tained an amorphous CNW with the diameter of around 40 nm
by heating a pressed tablet of graphite powder mixed with Ni
catalyst in a quartz tube mounted inside a high-temperature
tube furnace at 1200 °C. Azami and coworkers synthesized
single-wall carbon nanohorn (SWCNH) with uniform and small
diameter of about 50 nm, another type of 1D nano-carbon
materials, via CO, laser ablation of graphite in Ne-gas atmo-
sphere.* As for synthesis of carbon nanofibers, electrospinning
and following carbonization technique was always involved.
Yang and coworkers fabricated dimensionally thin, mechan-
ically tough, electrically conductive nanofibers with diameters
in the range of 200-300 nm by electrospinning of a polymer
solution (PAN) and subsequent thermal treatment.” In addi-
tion, the chemical vapor deposition (CVD) method, including
catalytic chemical vapor deposition (C-CVD) and -catalytic
plasma-enhanced chemical vapor deposition (C-PECVD), has
been extensively investigated to prepare 1D carbon
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nanomaterials. Dai and his co-workers synthesized kilogram
scale of high quality single-walled carbon nanotubes (SWNTs)
by the simple chemical vapor deposition of methane and they
found that the success relied on the catalysts materials.”®
Ostrikov and his colleagues fabricated metallic SWNTs and
semiconducting carbon nanowires (CNWs) networks via slightly
changing the process conditions in a simple CVD process using
the same Fe/Al,O; catalyst.”* SWCNT was obtained when the
catalysts were dewetted at 900 °C under a flow of Ar (200 sccm)
for 5 min. While the catalysts were pretreated at 1000 °C under
a co-flow of Ar (200 scem) and H, (500 sccm) for 30 min, CNWs
were synthesized. All these successful demonstrations have
contributed to development in the synthesis of 1D carbon
nanomaterials with distinct shapes and tunable structures.

It is worth noting that in addition to those as-mentioned
approaches, the formation of 1D carbon nanomaterials
should also be possibly realized via carbon reconstruction
under appropriate conditions. Similar to the interesting case of
semiconductor nanowires formed via oriented attachment of
quantum dots,?* it is not unreasonable to assume that carbon
atoms and/or aggregates can also be attached or connected
along one direction to promote the formation of carbon nano-
materials with 1D structure. However, this concept has been
rarely put into practice and reported. Recently, the carbon
reconstruction allowed by KOH activation has caused research
attention. In particular, carbon reconstruction was triggered by
broken carbon species and dangling bonds which were gener-
ated via KOH activation at high temperature. For example,
carbon reconstruction has occurred during graphene oxide
activation. A three dimensional (3D) porous carbon, named
MEGO, could be obtained via a simple activation with KOH of
microwave exfoliated two dimensional (2D) graphite oxide
(MEGO) at 800 °C.* Later, Zhu and his colleagues found that
the MEGO could remain quasi-2D morphology when KOH
activation at relative low temperature of 450-500 °C. While the
activation temperature was above 500 °C, a transition of quasi-
2D MEGO to 3D porous structure could be observed.** In short,
it would be helpful to take advantage of this process in the
synthesis of 1D carbon nanomaterials.

Herein, we present a niche and facile method for the
synthesis of 1D carbon nanomaterials with the shape of wavy
nanowire via a carefully-designed KOH activation. In particular,
polyurethane (PU) was mixed with KOH and pre-activated at
400 °C, then followed by activation at 800 °C. The morphology
and structure of resultant products were characterized by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM), X-ray diffraction (XRD), Raman spec-
troscopy and X-ray photoelectron spectroscopy (XPS). Unlike 1D
polymeric materials reported in previous studies, the atomic
percentage of carbon in current product could reach up to
94.43% (Table S1t). To this end, the current product could be
considered as one niche type of 1D carbon nanomaterial with
the wavy shape. Moreover, several reaction parameters involved
in both activation stages have been systematically studied to
investigate their effect on the wavy carbon nanowires formation
(WCNWs). Furthermore, the as-prepared WCNWs were found
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useful in both nanoparticle separation and catalysis. In partic-
ular, WCNWs exhibits excellent separation abilities for Au
nanoparticles with the size of 10 and 50 nm. In addition, Pd/
WCNWs catalyst displays outstanding catalytic activities and
stabilities for ethanol oxidation reaction (EOR). The mass peak
current density of PA/WCNWs catalyst can reach 2126 mA
mgpq * and stay at 459 mA mgpq - after 1000 cycles.

Experimental section
Materials

Polyurethane (PU, 8670AU) was purchased from Bayer.
Commercial Pd/C catalyst was obtained from Shanghai River
Sen Electric Co., Ltd. Potassium hydroxide (KOH, >85%), tet-
rachloroauric(m) acid hydrate (AuCl; HCl-4H,O, >47.8%),
sodium borohydride (NaBH,, 98%), r-ascorbic acid (AA,
=99.7%), trisodium citrate dehydrate (TCD, CsHs;Naz;0;-2H,0,
=99.0%), and isopropanol (C3HgO, =99.7%) were all obtained
from Sinopharm Chemical Reagent Co., Ltd. Hexadecyl-
trimethyl ammonium bromide (CTAB, 99%), hexadecyl-
trimethyl ammonium chloride (CTAC, 97%) and sodium
tetrachloropalladate(un) (Na,PdCl,, 98%) were all purchased
from Shanghai Aladdin Bio-Chem Technology Co., Ltd. Poly(-
ethyleneimine) solution (PEI, average Mw ~2000 by LS, 50 wt%
in H,0) was purchased from Sigma-Aldrich Co., Ltd. Alcohol
(CH3;CH,O0H, 99.5%) and hydrochloric acid (HCl, 12 M) were
both obtained Tianjin Fuyu Fine Chemical Co., Ltd. All the
chemicals were used as received without further purification.
The water used in all experiments was ultrapure water prepared
by an ultrapure water system (Ulupure, Zhengzhou, China) with
a resistivity of 18.25 MQ cm at room temperature. The quartz
tube furnace (OTF-1200X) was purchased from Hefei Crystal
Materials Technology Co., Ltd.

Synthesis of wavy carbon nanowires (WCNWs)

In a standard procedure for preparation of WCNWs, 0.15 g of PU
was mixed with 0.6 g of KOH in a 30 mL agate mortar by dry
milling for 10 min at room temperature to obtain a solid
mixture of PU/KOH. The as-prepared solid mixture was heated
in a tube furnace at the heating rate of 10 °C min ' under
flowing argon at a flow rate of 100 mL min~", pre-activated at
400 °C for 60 min, and then activated at 800 °C for another
60 min. After activation, the obtained black powder was
neutralized with HCI (1 M) and washed with water until neutral
pH was achieved. The resultant products were dried at 60 °C in
the open air for overnight.

Fabrication of WCNWs filter membrane

Filter membrane of the as-synthesized WCNWs was fabricated
by a wet forming method using PEI as binder. In a typical
experiment, 6 mg of WCNWs was dispersed in 2 mL of water
with ultra-sonication (ultrasonic power: 120 W) for 60 min to
form a 3 mg mL ™" suspension of WCNWSs. Subsequently, 200 uL
of 0.5 wt% PEI was injected into the suspension in one shot
using a pipette, and the resultant mixture was ultra-sonicated
for another 120 min. After that, the mixture was poured into
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a vacuum filter equipped with a 0.22 pum porous PTFE
membrane and filtered under low pressure (—0.01 MPa) to
produce a filter membrane followed by drying naturally.

Preparation of Pd/WCNWs catalyst

15 mg of the as-prepared WCNWs was dispersed in 30 mL of
isopropanol with ultra-sonication (ultrasonic power: 120 W) for
60 min to form a 0.5 mg mL~" suspension of WCNWSs. Next,
40 mL of aqueous TCD (4.7 mM) solution was poured into the
as-prepared suspension. The mixture solution was heated at
85 °C in an oil bath under magnetic stirring for 5 min. Subse-
quently, 4.7 mL of aqueous solution containing 13.82 mg of
Na,PdCl, was injected into the preheated solution in one shot
using a pipette. The reaction solution was kept at 85 °C under
magnetic stirring. After 6 h, the products were collected by
centrifugation, washed several times with water to remove
excess TCD, and then dried at 60 °C in the open air for 6 h.

Synthesis of Au nanospheres with the diameter of 10 nm and
50 nm

The synthesis of Au nanospheres were conducted using seeded
growth. The Au seeds were prepared according to a reported
protocol.” In a typical experiment, 5 mL of aqueous HAuCl, (0.5
mM) solution and 5 mL of aqueous CTAB (200 mM) solution
were mixed in a 20 mL glass vial, then 0.6 mL of aqueous NaBH,
solution (10 mM) was added rapidly using a pipette. A brown
solution immediately emerged after the introduction of NaBH,
solution. The brown solution was remained at room tempera-
ture for 10 min to ensure complete decomposition of NaBH,
remaining in the mixed solution. For synthesis of 10 nm Au
nanospheres, 100 pL of the Au seeds solution was added into
a mixed 5.5 mL of aqueous solution containing HAuCl, (0.18
mM), CTAC (72.72 mM) and AA (27.27 mM) in one shot using
a pipette. The reaction was allowed to continue at room
temperature for 10 min. For synthesis of 50 nm Au nano-
spheres, 2 mL of aqueous CTAC (100 mM) solution, 150 pL of
aqueous AA (10 mM) solution and 10 pL of 10 nm Au nano-
spheres aqueous solution were mixed in a 20 mL glass vital.
Then 2 mL of aqueous HAuCl, (0.5 mM) solution was dropped
using a syringe pump at an injection rate of 2 mL h™'. The
reaction was also allowed to proceed at room temperature for
10 min after the injection had been accomplished.

Characterizations

The morphology of as-prepared materials was observed using
a field emission scanning electron microscope (FESEM, SU8010,
HITACHI, Japan) operated at 5 kV and transmission electron
microscopy (TEM, JEM-1011, JEOL, Japan) at 120 kV. High-
resolution TEM images were obtained using a field-emission
microscope (HRTEM, JEM-2100F, JEOL, Japan) operated at
200 kv. Raman spectra were recorded via a high-resolution
confocal-Raman system (LabRam HR800, HORIBA Jobin Yvon,
Japan) with 633 nm lasers. X-ray diffraction (XRD) patterns were
recorded by Bruker D8-Advance diffractometer (Bruker Ltd,
Germany) with filtered Cu-Ka radiation (40 kV, 40 maA,
10° min~" from 10 to 80°). X-ray photo electron spectroscopy
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(XPS) spectra were recorded by a VG ESCALAB MKII X-ray
photoelectron spectrometer with an MgK, excitation source
(1253.6 eV). The analysis of elements and their proportions in
the products were performed with an elemental analyzer (vario
EL cube, Elementar, Germany). The porous textures of the
samples were analyzed by N, adsorption/desorption at 77 K
(ASAP 2020, Micromeritics, USA). The specific surface area was
calculated using the BET method accorded to six points of
relative pressure (P/P,) ranging from 0.05 to 0.08. The total pore
volume was measured from the amount of nitrogen adsorbed at
a relative pressure (P/P,) of 0.99. The pore size distribution was
determined via density functional theory (DFT) method using
nitrogen adsorption data. The tap density was calculated by the
ratio of the mass to its tap volume, which was measured after
the products were tapped 100 times in a vial. UV/vis extinction
spectra were recorded on a U-4100 UV/VIS/NIR spectrometer
(HITACHI, Japan). All the electrochemical experiments were
carried out on a CHI-760E electrochemical workstation (Chen-
hua, Shanghai, China).

Electrochemical measurement

The catalytic performance and stability of the as-synthesized
Pd/WCNWs catalyst for EOR under alkaline conditions were
examined in a three-electrode system by cyclic voltammetry (CV)
and chronoamperometry using a CHI-760E electrochemical
workstation. In the test, a platinum foil, a saturated calomel
electrode (SCE), and a glassy carbon electrode (GCE, diameter:
3.0 mm) were used as the counter, reference, and working
electrodes, respectively. For measurement, 4 mg of as-prepared
Pd/WCNWs catalyst was dispersed in a mixture solution of
water (2.0 mL), isopropanol (2.0 mL) and Nafion solution (10 pL,
5 wt%) with ultra-sonication (ultrasonic power: 120 W) for
30 min to form homogeneous suspension. 10 pL of the as-
prepared homogeneous suspension was dropped on the
surface of GCE and dried in the open air at 60 °C. As control, the
catalytic performance of commercial Pd/C catalyst on the GCE
was also tested by similar process.

Results and discussion

Morphology and structure

As shown in Scheme 1, PU was first mixed with KOH by dry
milling and thermally pre-activated at 400 °C and then activated
at high temperature of 800 °C to form WCNWs. The weight yield
of WCNWs was 20% versus the weight of raw PU. In addition,
the tap density of WCNWs is 0.09 g cm™>. The morphology of
WCNWs (see Experimental section for synthetic details) was
characterized via typically scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Fig. 1a and b,
exhibit SEM images of WCNWs in different magnifications,

]

Scheme 1 Schematic illustration of the formation of WCNWs.

KOH
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from which we can see clearly that WCNWSs were obtained in
high purity, together with an average diameter of 51 + 5.2 nm
and the length in the range of 2-8 um (Fig. S1, ESIT). Unlike
carbon fibers which are straight and smooth,* these WCNWs
are curvy and rough, indicating their different internal struc-
tures and a great potential for applications in metal nano-
particles carrier. The curvy and rough structure can be observed
clearly with TEM image (Fig. 1c). The inset in Fig. 1d shows the
selected-area electron diffraction (SAED) pattern obtained from
an individual WCNW, indicating that the WCNWs are mainly
amorphous or full of defects, probably due to the KOH activa-
tion and/or relative low growth temperature.

XRD and Raman spectra were obtained to further investigate
the structure and crystallinity of the WCNWs (Fig. 2). XRD
pattern in Fig. 2a reveals two broad peak at about 26 = 23° and
43°, which are ascribed to the (002) and (100) reflections typi-
cally observed for microcrystalline, semi-graphitic carbons.”
The high intensity in the low angle region probably results from
KOH activation, demonstrating the amorphous structure of the
WCNWs. Raman spectrum in Fig. 2b further reveals the amor-
phous structure of WCNWs. The peaks appeared at 1320 and
1580 cm ™' can be attributed to the D (defects and disorder) and
G (graphitic) bands of carbon materials, respectively.>® Gener-
ally, the D band corresponds to the breathing mode of k-point
phonons of A;, symmetry, while the G band corresponds to the
E, phonons of sp® carbon atoms.?® Furthermore, the value of D/
G intense ratio of WCNWs is 1.10, indicating the structure of
WCNWs is more amorphous, which is agreement with the
diffuse diffraction ring in the inset of Fig. 1d. We can conclude
that the as-obtained WCNWs have amorphous structure
together with a wavy wire-like shape. Furthermore, N,
adsorption/desorption has been performed to investigate the
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specific surface area and pore size of the WCNWs. Indeed, the
specific surface area of WCNWs is up to 845 m> g~ . As shown in
Fig. 2c, the isotherms is identified as type IV, illustrating that
WCNWs is typical of micro- and mesoporous materials, which is
confirmed by pore size distribution in Fig. 2d.*

Fig. 3a shows the XPS survey spectra of WCNWs, where two
primary peaks centered at 285.8 and 534.4 eV are observed,
corresponding to C 1s and O 1s, respectively. The spectra of C 1s
in Fig. 3b can be fitted to three line shapes with binding ener-
gies at 284.5, 285.2 and 286.1 eV, corresponding to C-C, C-O
and C=0, respectively. It can be deduced that two functional
groups exist on the surface of WCNWs besides the C-C peak,
which is located at 284.5 eV.*' The spectra of O 1s in Fig. 3c
exhibit peaks at 532.3 (C=0) and 533.8 eV (C-0), revealing the
existence of carbonyl and other oxygen groups, which is
consistent with the results shown in Fig. 3b. Taken together, the
surface of as-prepared WCNWSs contains numerous oxygen-
containing functional groups.

In addition, the surface chemical composition of WCNWs
was analyzed by X-ray photoelectron spectrometer. As shown in
Table S1,t the atomic percentage of carbon and oxygen in
WCNWs is 94.43% and 5.57%, respectively. We can also
enhance the carbon content in the current products by calci-
nation under Ar/H, (95/5) flow at 1000 °C for 1 h. In particular,
the atomic percentage of carbon in the product reached 96.53%
after calcination (Table S17). Moreover, the elements and their
proportions in the WCNWs were analyzed using an elemental
analyzer. In addition to carbon and oxygen, WCNWs contained
a small amount of hydrogen and nitrogen (Table S1t). It is

worth noting that the calcination process caused unnoticeable
change to the shape of the products and the wavy shape was still
maintained (Fig. S27).

Fig. 1

(a) Low- and (b) high-magnification SEM images of WCNWs. (c) TEM and (d) high-resolution TEM images of WCNWs. The scale bar in the

inset of part (c) is 100 nm, and the inset of part (d) is the selected-area electron diffraction (SAED) pattern of the WCNWs.
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Discussion on the formation mechanism

Effect of the amounts of KOH: to investigate the mechanism
involved in the formation of WCNWs, we conducted a set of
control experiments. We first examined the effect of the
amounts of KOH, which had a direct correlation with the acti-
vation degree. When KOH was absent, only carbon monoliths
was obtained (Fig. S3at), indicating the necessary presence of
KOH in the current procedure. When the mass ratio of PU to
KOH was setto 1 : 1 and 1 : 3, carbon fragments were obtained
(Fig. S3b and ct). As more KOH was introduced (the mass ratio
of 1: 5, Fig. S3dt), products with the uniformity in both shape
and size were obtained, which was similar to the results
exhibited in Fig. 1. However, when the mass ratio was increased
to 1: 6, the product yield was pretty low and no solid residue
was left after the activation. These results demonstrated that the
amount of KOH played an important role in synthesis of
WCNWSs. Consequently, the optimum mass ratio of PU : KOH
for synthesis of WCWNSs was chosen at 1 : 4.

Effect of activation temperature: in order to elucidate the
effect of activation temperature on the formation of WCNWs,
products obtained at different activation temperatures were
collected for SEM characterization. As shown in Fig. 4a, at the
activation temperature of 400 °C, only carbon monolithic,
instead of WCNWs, was observed. As the activation temperature
increases, e.g., to 600 °C, carbon chunks with a fraction of
WCNWSs were obtained, as exhibited in Fig. 4b, indicating that
a restructuring to 1D carbon began to occur at this reaction
condition. As the activation temperature raised up to 900 °C,
many WCNWs were formed during the activation procedure

This journal is © The Royal Society of Chemistry 2018
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(a) XRD pattern and (b) Raman spectrum of WCNWs. (c) N, adsorption/desorption isotherm and (d) pore size distribution curve of WCNWs.

(Fig. 4c). It was noticeable that these WCNWs obtained at 900 °C
were shorter in length than those of synthesized via a standard
experiment at 800 °C (Fig. 1), probably due to the enhanced
intensity of KOH activation increased at higher temperature.
When the activation temperature further increases to 1000 °C,
no residue was collected after the reaction had been finished.
Previously, it has been documented that 2D reduced graphene
oxide could reconstruct to 3D porous carbons under KOH
activation at 450 °C.>* This carbon reconstruction process was
also observed in our case when activation temperature reached
600 °C.

Effect of pre-activation temperature: the current synthesis
involved two stages of thermal treatment. In addition to the
activation stage, we also investigated the effect of pre-activation
temperature on the formation of WCNWs. Fig. 4d shows the
typical SEM image of the resultant product obtained without
a pre-activation procedure. We noted that only a few short and
thin carbon nanowires are observed, illustrating a low yield of
WCNWs under this reaction condition. It suggested the pre-
activation stage was beneficial for an enhanced yield of wire-
shaped product. As shown in Fig. 4e, when the pre-activation
temperature was set to 300 °C, some quasi-spherical particles
occurred. In contrast, as the pre-activation temperature further
increases to 500 °C, only polyhedral carbons were observed
(Fig. 4f). These results showed that the pre-activation temper-
ature should be optimized at 400 °C for the best yield of
WCNWs. To further elucidate the pre-activation temperature
effect, we collected precursors obtained at different pre-
activation temperature for SEM and/or TEM characterization.
As exhibited in Fig. S4a and b,t PU was transformed into small

RSC Adv., 2018, 8, 20593-20602 | 20597
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particles via KOH activated at 400 °C for 1 h, which could be
rearranged to 1D carbon of WCNWs at high activation
temperature of 800 °C (Fig. 1). Furthermore, N, adsorption/
desorption has been performed to investigate the specific
surface area and pore size of the precursor obtained via pre-
activation at 400 °C. Compared with WCNWs, the precursor
has larger specific surface area of 1616 m> g~ * and higher tap
density of 0.12 cm?® g™, probably due to the presence of more
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micropores in the precursor (Fig. 2c and d and S57). By contrast,
the precursor obtained at 300 °C consisted of quasi-sphere
particles and bulks (Fig. S4ct), which could be restructured to
large carbon particles and/or quasi-wires during the activation
procedure (Fig. 4e). For the samples collected at 500 °C, carbon
mass with irregular shape was observed (Fig. S4d¥), which could
be reconstructed into polyhedral carbon via KOH assisted
activation (Fig. 4f). Therefore, it is no unreasonable to assume
that pre-activation temperature may affect the formation of
WCNWs by varying the morphology and structure of its
precursors.

Effect of activation time: to track the growth process, we
terminated the reaction at 800 °C for different periods and
collected the sample for SEM imaging. As shown in Fig. S6,T at ¢
= 1 min, the sample was composed of large chunks, small
particles aggregations, and thin WCNWs of around 25 nm. As
reaction proceeded to 10 min, large chunks disappeared and
only small particles aggregations and thin WCNWs existed.
After another 20 min, the diameter of the WCNWs became
about 45 nm. At ¢ = 40 min, the product was dominated with
WCNWs and the small particles aggregations disappeared.
Based on these data, we believed that the precursor changed to
large chunks and small particle aggregations in the initial
stages, followed by the reconstruction of these particles along
one direction to form 1D WCNWs.

In short, the growth mechanism is discussed as follows.
KOH was firstly decomposed according to the reaction: 2KOH
— K,0 + H,0 (g). Then carbon reacted with gaseous water to
produce carbon monoxide and hydrogen (H,O + C — CO +
H,).*>** Similar to preparation of carbon nanotube/nanofiber
via CVD, the CO formed in situ could mediate with H, via
hydrogenation and/or disproportionation to generate carbon
atoms/clusters.** These carbon species work as building
blocks for the carbon nanoparticles and WCNWs observed in
the initial stage of activation (Fig. S61). It is worth noting that,
in order to obtain WCNWs in high purity, the amount of KOH
had to be more than 3 times of PU (Fig. S37). It suggested that
the concentration of CO/H, affected by amount of KOH should
reach a sufficiently high level to favor the generation of carbon
atoms/clusters and thus allow the carbon reconstruction to
occur. In contrast, when too much KOH was added (i.e., KOH/
PU = 6: 1), all the carbon precursor would be converted to
gaseous product and no solid residue could be obtained. In
a sense, the catalytic function of KOH could affect the reaction
kinetics for this synthesis, which is crucial for the carbon
reconstruction and thus the formation of WCNWs.

Applications of WCNWs in nanoparticle separation and
catalysis

It is well accepted that 1D carbon nanomaterials are highly
promising for application in catalysis and separation
membranes.**® Herein, we chose two models to explore their
applications: (i) the separation ability towards gold (Au) nano-
particles when made into separation membrane; (ii) catalytic
performance for EOR in alkaline medium when working as the
catalyst support.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Effect of activation and pre-activation temperature on the morphology and structure of the resultant products. (a—c) SEM images of
products obtained via the standard procedure, except that the activation temperature was varied from 800 °C to (a) 400 °C, (b) 600 °C, and (c)
900 °C, respectively; (d—f) SEM images of products obtained via the standard procedure, except that (d) no pre-activation process was involved
and (e and f) pre-activation temperature was varied from 400 °C to (e) 300 °C and (f) 500 °C, respectively.

Separation of Au nanospheres

Optical and electronic properties of metal nanoparticles are
strongly dependent on their shape, size, and uniformity.*” To
obtain samples with high purity, separation is necessary. So far,
the main methodologies for separation of nanoparticles include
ultracentrifugation, field flow fraction, electrophoretic,
magnetic and membrane separation methods.*>**** We found
that the as-prepared WCNWs could be fabricated into
membrane to be used for separate Au nanospheres with
different sizes of 10 and 50 nm from solution using the hand-
made setup (Fig. S7, 5a). As shown in Fig. 5a, 10 nm Au
spheres passed through the membrane, while 50 nm spheres
were trapped on the membrane. The corresponding experi-
mental results were exhibited in Fig. 5¢c. Almost all the 10 nm Au
nanospheres could freely pass through the membrane and
about only 4.3% of them were remained inside the membrane
or on the feed side, which was calculated from the adsorption
intensities at 521 nm (Fig. 5d). In sharp contrast to the
permeation of 10 nm Au spheres, all of the 50 nm Au spheres

This journal is © The Royal Society of Chemistry 2018

were been filtered out from solution. As for the mixed aqueous
solution of 10 and 50 nm spheres, its color became slight red
after filtering compared to the initial red solution (Fig. 5c),
together with the weak intensity of the absorption peak after
filtering (Fig. 5d). Besides, UV/vis extinction spectra for the
mixture revealed a peak at near 527 nm, while the peak shifted
to 521 nm after filtration, explaining that the filtrate only con-
tained Au spheres of 10 nm. In addition, Fig. 5b shows the
photographs of WCNWs membrane, from which we can see
clearly that the membrane can be bent even without any
cracking. Furthermore, the WCNWs membrane was character-
ized by SEM before (Fig. S8at) and after filtration (Fig. S8b¥). As
shown in Fig. S8b,T Au nanospheres of 50 nm were captured on
the membrane. The aggregation appeared on the membrane
probably resulted from the removal surfactant of Au nano-
spheres and thus insufficient protection keep nanoparticles
being attached to each other. In a word, these results illustrated
the outstanding separation ability of WCNWs membrane in
screening out metal nanoparticles with different sizes.

RSC Adv., 2018, 8, 20593-20602 | 20599
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(a) Schematic illustration of the separation of Au nanospheres. (b) Digital photos of WCNWs membrane. (c) Digital photos and (d) cor-

responding UV/vis extinction spectra of aqueous suspensions containing Au nanospheres with different sizes before and after filtering.

Pd/WCNWs catalyst for ethanol oxidation reaction

The as-prepared WCNWs was also found useful as catalyst
support, which is probably due to their rough morphology and
amorphous and/or full of defects structure, which could make it
easier load Pd nanoparticles. The catalytic performance of Pd/
WCNWs catalyst has been systematically investigated by CV
experiments in a three-electrode system and the results were
compared with that of commercial Pd/C catalyst. As shown in
Fig. S9, Pd nanoparticles with uniform diameter were well-
distributed on the surface of WCNWs. The electrochemically
active surface area (ECSA) is a primary parameter for the evalua-
tion of active sites of catalysts and can be calculated from the area
of the reduction peak of palladium oxide in the CV curves in 1.0 M

20600 | RSC Adv., 2018, 8, 20593-20602

of KOH.* Fig. 6a exhibits the typical CV curves of Pd/WCNWs and
commercial Pd/C catalysts in 1 M KOH solution at a scan rate of
50 mV s~ ". The ECSA (m” gpq ') is reckoned in reference to the
equation ECSA = Q/(0.405 x Wpq), where Q is the coulombic
charge by integrating peak area of the reduction of palladium
oxide (mC) and Wpq means the palladium loading (mg em ™) on
the work electrode, respectively. In addition, 0.405 is the charge
required for the reduction of palladium oxide monolayer (mC
cmpq *).* Therefore, the value of ECSA of Pd/WCNWs catalyst is
60.5 m* gpq ', which is nearly 2.67 times higher than that of
commercial Pd/C catalyst (22.7 m® gpq '), elucidating that
WCNWs used as catalysts support could enhance the mass
transfer compared to the activated carbon carrier.

This journal is © The Royal Society of Chemistry 2018
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Fig.6 (a) CV curves of Pd/WCNWSs and commercial Pd/C catalysts in 1.0 M KOH solution, scan rate: 50 mV s~ (b) CV curves of Pd/WCNWs and
commercial Pd/C catalysts in 1.0 M KOH + 1.0 M C,HsOH solution, scan rate: 50 mV s~ (c) Chronoamperometric curves of Pd/WCNWs and
commercial Pd/C catalysts in 1.0 M KOH + 1.0 M C,HsOH solution at —0.4 V. (d) The peak current density in the forward scan versus cycle
number curves of Pd/WCNWs and commercial Pd/C catalysts in 1.0 M KOH + 1.0 M C,HsOH solution.

In addition, catalytic performance of Pd/WCNWs and
commercial Pd/C catalysts towards EOR was measured in the
solution of 1.0 M KOH and 1.0 M C,H;OH at 50 mV s . As
shown in Fig. 6b, the characteristic ethanol oxidation peaks
of both samples are observed in the forward and backward
scans, respectively. Clearly, the peak current density (the
value is normalized to the mass of Pd) of Pd/WCNWs catalyst
can reach 2126 mA mgpd_l, which is about 3.25 times higher
than that of commercial Pd/C catalyst (654.2 mA mgpq '),
indicating that the specific catalytic ability of the PdA/WCNWs
catalyst is much higher than that of commercial Pd/C cata-
lyst. Furthermore, the Pd/WCNWs catalyst shows much
slower current decay over time than commercial Pd/C catalyst
(Fig. 6¢). In particular, after 1000 s, the mass peak current
density of Pd/WCNWs catalyst still remains of 192.7 mA
mgpq ', which is much higher than that of commercial Pd/C
catalyst (24.2 mA mgpq '). Moreover, the long-term stability
of the PdA/WCNWs and commercial Pd/C catalysts, that is,
1000 cycles of CV curves were performed in 1.0 M KOH +
1.0 M C,H;OH solution at a scan rate of 50 mV s~ *, was shown
in Fig. 6d. After 1000 cycles, the peak current density of Pd/
WCNWSs catalyst maintains of 459 mA mgpq ', which is
21.17 times higher than that of commercial Pd/C catalyst
(21.68 mA mgpy '), indicating the excellent stability of Pd/
WCNWSs catalyst. As result, all the above discussions
suggest that PA/WCNWs catalyst is more active and stable
than commercial Pd/C catalyst for EOR, which may be mainly

This journal is © The Royal Society of Chemistry 2018

ascribed to the good electrochemical activity of PdA/WCNWs
composites and the well-dispersed Pd nanoparticles.

Conclusion

In summary, we have developed a niche and facile method for
synthesis of WCNWs derived from PU via KOH activation-
enabled carbon reconstruction. The structural trans-
formation and coalescence were observed during the synthetic
process. The amount of KOH, pre-activation, and activation
temperature have play important roles in the formation of
WCNWSs. Moreover, the as-prepared WCNWs exhibit
outstanding separation ability towards Au nanospheres of 10
and 50 nm. In addition, the as-synthesized WCNWs are also
served as carrier for Pd catalyst towards EOR in alkaline
medium, and they exhibits high catalytic activities and
stabilities. In particular, the forward peak current density
reaches 2126 mA mgpq ' and still keeps a high mass peak
current density of 459 mA mgpq  after 1000 cycles. Due to
their unique shape and structure, the as-synthesized WCNWs
would hold widespread applications in the fields of wearable
energy devices,*>*® solar cells,”” and water purification.*®*
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