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Highly dispersive and ultrafine Au nanoparticles were 
effectively immobilized on the surface of hierarchical double-
walled nickel silicate hollow nanofibers assembled by 
ultrathin nanosheets, which showed remarkable catalytic 10 

performances as an efficient and reusable hydrogenation 
catalyst. 

In the field of nanoscience and nanotechnology, much emphasis 
has been placed on the catalysis of Au nanoparticles (AuNPs) 
since scientists discovered that AuNPs could be used as the 15 

catalysts for CO oxidation and the selective catalysis of acetylene 
hydrochlorination.1 Compared with other metal catalysts (Pt, Pd, 
Cu, etc.), AuNPs have the highest selectivity and are less prone to 
metal leaching, over-oxidation, and self-poisoning, which enables 
them to be effective catalysts in a variety of catalytic reactions, 20 

such as selective oxidations, hydrogenations of organic 
compounds and selective NOx reduction, etc.2 However, as a soft 
metal, a potential issue of the ultrafine AuNPs lies in that they 
aggregate very easily and thus lose their activities. An efficient 
way to overcome the above problem is to anchor AuNPs onto a 25 

suitable support.3 As an excellent Au-based catalyst, the 
following   features are essential: a high specific surface area for 
dispersing AuNPs and effective contacting between reagents and 
AuNPs, an excellent stability and flexibility for resisting external 
stimuli and easy separation for reuse.4 Research revealed that 30 

one-dimensional (1D) fibrous catalysts with high length-to-
diameter ratio could be easily separated from fluid by 
sedimentation.5 However, it is still necessary to develop methods 
or supports for anchoring ultrafine AuNPs on a hollow 
nanofibrous support with a high specific surface area and to 35 

prevent AuNPs aggregating under strong external stimuli. 
Electrospinning has been exploited for many years as a 

remarkably simple and versatile technique to process polymer, 
carbon and metal oxides materials into 1D fibers.6 By using this 
method, 1D hollow fibers could also be fabricated with multi-40 

fluidic compound-jet or nonequilibrium heat-treatment.7 However, 
the striking feature for most of these hollow fibers is that the 
walls of the fibers are generally composed of or aggregated from 
numerous simple nanoparticles with an irregular arrangement, 
which make them lack a high surface area, excellent stability and 45 

flexibility. Hierarchical self-assembly of nanosheets into novel 
architectures of higher dimensionality, especially multilevel 

hollow fibers, can help to enhance the performance as an easily 
recycled support. The flexible nanosheets can be spontaneously 
adjusted for better fixation of nanoparticles to prevent the 50 

aggregation of NPs and enhance the stability by the synergistic 
effect of the multilevel walls and hierarchical structure while 
maintaining a high specific surface area.[4c, 8] Thus, the fabrication 
of ultrafine and dispersive Au-based hollow fibrous nanocatalysts 
with a hierarchical multilevel structure assembled by ultrathin 55 

nanosheets is highly desired in catalysis. 
Herein, we demonstrate a facile route to construct 1D 

nanofibrous catalysts with ultrafine AuNPs anchoring on the 
hierarchical double-walled nickel silicate hollow nanofibers 
(NSHNFs). As illustrated in Scheme 1, uniform silica hollow 60 

nanofibers (SHNFs) prepared using a facile single capillary 
electrospinning method are employed as the precursor. Then, the 
double-walled NSHNFs assembled by ultrathin nanosheets are 
synthesized using a simple hydrothermal treatment based on a 
SHNFs sacrificial templating process. Finally, the ultrathin 65 

AuNPs with well-dispersed distributions are anchored on the 
surface of ultrathin nanosheets of NSHNFs through a low-energy-
consuming in situ reduction method. In this way, nanocomposites 
with Au nanoparticles immobilized on the hierarchical double-
walled nickel silicate hollow nanofibers (AuNPs/NSHNFs) are 70 

formed and connected to form a network structure. The as-
prepared AuNPs/NSHNFs show high catalytic activity and 
excellent stability as a remarkable catalyst due to their unique 
structures. 

 75 

 
Scheme1.  Schematic diagram of the formation of AuNPs/NSHNFs. 
 

The SHNFs were fabricated via a facile single capillary 
electrospinning technique followed by calcination at 550 °C. As 80 

shown in Fig. S1, the electrospun SiO2 nanofibers have a typical 
hollow structure with a relatively smooth surface and are 
connected to form network structure. After the hydrothermal 
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treatment in alkaline solution containing nickel ions at 100 °C for 
10h, unique hierarchical hollow fibers with a high length-to-
diameter ratio were obtained. The X-ray diffraction (XRD) 
pattern of the obtained fibers shows characteristic broad 
diffraction peaks that can be indexed to the nickel silicate 5 

(Ni3Si4O10(OH)2·5H2O, JCPDS card No. 43-0664) (Fig. S2).9 
The SEM image (Fig. 1a) shows that the obtained NSHNFs 
remain a network structure and the diameters of these fibers are 
400-600 nm. However, the surface of the fibers was no longer 
smooth. From the magnified SEM image of the NSHNFs as 10 

shown in Fig. 1b and Fig. S3, the double-walled structure, the 
hollow interior, and the small primary units can be clearly 
discerned. TEM further confirms the double-walled structure of 
the as-synthesized NSHNFs. As can be seen from Fig. 1c, clear 
gaps between the outer and inner walls and the hollow interior 15 

can be observed. A magnified TEM image (Fig. 1d) clearly 
reveals that the walls of the as-prepared NSHNFs are composed 
of numerous ultrathin nanosheets. Meanwhile, the slight curl and 
self-attachment of the nanosheets result in the highly open and 
stable structure. Fig. S4 displays the N2 adsorption desorption 20 

isotherm for the obtained NSHNFs. The BET surface area and 
total pore volume of the NSHNFs are 373 m2 g-1 and 0.41 cm3 g-1, 
respectively. The one-dimensional nanofibrous morphology, high 
length-to-diameter ratio, unique hierarchical double-walled 
hollow structure, small nanosheet units, large surface area make 25 

our sample probably be a high-performance catalyst support. 
 

 
 

    Fig. 1Typical FESEM (a, b) and TEM (c, d) images of NSHNFs. 30 

 
The ultrafine and dispersive Au nanoparticle-nickel silicate 

hierarchical double-walled hollow nanofibers (AuNPs/NSHNFs) 
were fabricated via a simple and low-energy-consuming approach. 
First, the obtained NSHNFs with abundant hydroxy groups were 35 

activated in a SnCl2 solution.10 During this process, the Sn2+ was 
linked to the surface of NSHNFs through inorganic grafting. 
After tetrachloroauric acid (HAuCl4) was added to the solution at 
room temperature, the linked Sn2+ species acted as a reducing 
agent to reduce Au3+in situ on the surface of NSHNFs, because 40 

the standard reduction potential of the Sn4+/Sn2+ (0.151 V vs. 
redox pair the standard hydrogen electrode, SHE) is lower than 
that of Au3+/Au (1.52 V vs. SHE).5a Thus the AuNPs/NSHNFs 
were obtained. Meanwhile, their color gradually turned from 
pastel green to vermilion. The UV-Vis absorption spectra of 45 

aqueous suspensions of NSHNFs and AuNPs/NSHNFs were 
carried out. As observed in Fig. S5, a surface plasmon absorption 
band centered at around 525 nm appears on the absorption 
spectrum of aqueous suspensions of AuNPs/NSHNFs, which also 
indicates that the ultrafine AuNPs had been loaded on the surface 50 

of NSHNFs. 
The AuNPs/NSHNFs were observed using transmission 

electron microscopy (TEM), and the corresponding results are 
shown in Fig. 2. Fig. 2a shows that the hierarchical double-walled 
nanofibrous structures assembled by nanosheets are maintained 55 

during the loading of the AuNPs. The magnified TEM image (Fig. 
2b) clearly shows that the ultrafine AuNPs with well-dispersed 
distribution are uniformly located on the surfaces of ultrathin 
nanosheets and no large irregular Au particle is found. The size 
distribution histogram of AuNPs calculated from the 60 

corresponding TEM image is given in Fig. 2c. The particle size of 
AuNPs is 2.6 ± 0.5 nm. High-resolution TEM (HRTEM) image 
(Fig. 2d) shows that the estimated interplanar distance of the 
nanoparticles is approximately 0.23 nm, which corresponds well 
with the lattice spacing of the (111) plane of Au. Fig. S6 shows 65 

the XPS spectrum in Au 4f region of the as-prepared 
AuNPs/NSHNFs. It can be seen from the spectrum that the 
determined binding energy of Au 4f7/2 and Au 4f5/2 is 84.3 and 
88.1 eV, respectively. The spin energy separation of the 4f 
doublet is 3.8 eV, indicating the metallic nature of gold 70 

(Au0).11 The energy-dispersive X-ray (EDX) spectrum from the 
corresponding TEM image confirms that the above 
AuNPs/NSHNFs are composed of Ni, Si, O, Sn, and Au element 
(Fig. S7). 

 75 

 
 

Fig. 2 Typical TEM images of AuNPs/NSHNFs (a, b); c) The size distribution 
histogram of AuNPs calculated from the corresponding TEM image; d) An 
HRTEM image of the AuNP. 80 

 
A high dispersion of ultrafine AuNPs on NSHNFs can be 

useful for many potential applications. Here, we selected the 
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by 
NaBH4 asmodel system to evaluate the catalytic hydrogenation 85 

performance of AuNPs/NSHNFs.12 Upon the addition of NaBH4, 
the absorption peak shifts from 317 to 400 nm owing to the 
formation of 4-nitrophenolate ions (Fig. S8a). When a trace 
amount of AuNPs/NSHNFs (1 mg) are added, the absorption at 
400 nm decreases immediately with a concomitant increase in the 90 
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peak of 4-AP at 295 nm with time. As observed in Fig. 3a, the 
time for the complete reduction of 4-NP over AuNPs/NSHNFs is 
about 280 s. However, no reaction is happened even for 2.5 h in a 
control experiment when pure NSHNFs or Sn2+/NSHNFs being 
used as the catalyst (Fig. S8b). Since the amount of NaBH4 is in 5 

large excess (C(NaBH4)/C(4-NP) = 100 : 1), pseudo-first-order 
kinetics could be applied for the evaluation of rate constant.13 Fig. 
3b displays the linear relationship between ln (C/C0) and reaction 
time in the reaction and the corresponding rate constant k is 
calculated to be 12.01 × 10−3 s−1. Turnover frequency (TOF), 10 

defined as the number of moles of reduced 4-NP per mole surface 
Au atoms per hour when the conversion has reached 90%, is 
calculated to further investigate the efficiency of the 
AuNPs/NSHNFs. The TOF of the as-prepared AuNPs/NSHNFs 
(the theoretical loading amount of AuNPs of 3 wt% is considered) 15 

can reach 298 h-1, which is higher than other substrate-supported 
Au nanocatalysts reported in most previous studies (Table S1). 
The high catalytic activity of AuNPs/NSHNFs is attributed to 
their unique hierarchical double-walled hollow structure 
assembled by ultrathin nanosheets and the highly dispersed and 20 

ultrafine AuNPs. The double hollow interiors, ultrathin nanosheet 
units, large surface area and highly dispersive AuNPs allow the 
effective contact between the 4-NP and AuNPs in the reaction. 
The ultrafine AuNPs on the NSHNFs make a large potential 
difference, thus leading to a high rate of reduction. 25 

 

 
 

Fig. 3 a) UV-Vis absorption spectra during the catalytic reduction of 4-NP over 
AuNPs/NSHNFs; b) The black and red squares are the ln(C/C0) and C/C0 30 

versus reaction time for the reduction of 4-NP over AuNPs/NSHNFs, 
respectively. C0 and C is the absorption peak at 400 nm initially and at time t. 
 

Stability is also one of the most important factors in the 
practical applications of nanocatalysts. Here, we firstly 35 

investigated the cyclic stability of AuNPs/NSHNFs by reusing 
the catalyst four cycles. As shown in Fig. S9, the catalytic activity 
of AuNPs/NSHNFs remains almost unchanged after four cycles. 
Fig. S10 shows that the morphology of NSHNFs are retained and 
AuNPs are remained dispersed quite well on the surface of 40 

NSHNFs following the reduction reaction, which is vital for high 
catalytic activity, even after being recycled for several times. In 
addition, we also heated the as-prepared AuNPs/NSHNFs at 
500 °C for 2h to investigate their thermostability. As shown in 
Fig. S11, the AuNPs on the surface of nanosheets maintain their 45 

dispersed state without obvious aggregation, which indicates that 
the AuNPs/NSHNFs have good thermal stability and resistance to 
sintering. The following factors may contribute to the excellent 
stability of the AuNPs/NSHNFs: (1) The AuNPs/NSHNFs could 
be recovered easily by sedimentation due to the high length-to-50 

diameter ratio of the NSHNFs; (2) The flexible nanosheets upon 
adsorption of AuNPs facilitate the fixation of AuNPs on the 

surface and prevent AuNPs agglomeration under the external 
stimulus; (3) The strong affinity between the AuNPs and 
NSHNFs via this synthesis method prevents the AuNPs dropping 55 

out of the NSHNFs. 
In conclusion, we have demonstrated an effective route to the 

synthesis of nanofibrous nanocomposites composed of highly 
dispersive and ultrafine AuNPs immobilized on hierarchical 
double-walled nickel silicate hollow nanofibers assembled by 60 

ultrathin nanosheets. The nanosheet-composed unique structure 
played a significant role in the nanocatalyst system for high 
catalytic activity and excellent stability during the catalytic 
process. Due to facile synthesis and excellent catalytic 
performance of Au supported hierarchical double-walled hollow 65 

nanofibrous silicate materials, it could possibly inspire future 
research in preparation of highly efficient catalysts for practical 
catalytic applications. 
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