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Ni nanotube arrays with an outer diameter of 100 nm to 2.0 µm were systematically fabricated through a novel facile one-step template-
based electroless deposition method without any chemical modification. The structures of Ni nanotubes, such as inner and outer 
diameters, wall thickness, length, and crystalline state, can be well controlled by adjusting the template pores, reagent concentration, and 
gas evolution. Length-controlled Ni nanorods were obtained at a low reagent concentration in a time-dependent manner. The growth 
mechanisms, termed gas-directed-diffusion-assisted tubular growth and diffusion-directed clubbed growth, showed that both gas 10 

evolution and ionic diffusion rate were the key factor affecting the growth of Ni nanotubes (or nanorods). The relationship between the 
structures and catalytic properties of the as-prepared Ni nanostructures was studied in detail by dye degradation using NaBH4 model 
reaction. Results showed that the Ni nanostructures exhibited higher catalytic efficiency for dye degradation than other nanocatalysts. In 
addition, the catalytic activities of these Ni nanostructures depended on both shape and size. The results of this study not only provide a 
general controllable synthesis approach for magnetic metal nanotube arrays but also promote promising nanocatalyst candidates for dye 15 

degradation. 

Introduction 

The development of nanotechnology and the increasing 
demand for novel functional materials have led to an 
increased scientific interest for the synthesis of nanostructures 20 

that exhibit different performances depending on a range of 
factors. 1–6 Previous studies have combined the template-
assisted method with electrodeposition, electroless deposition, 
wetting chemical, atomic layer deposition, etc. to fabricate 
one-dimensional (1D) magnetic metal nanostructures, such as 25 

Fe, Co, Ni, and their alloys. 7–13 However, tubular metal 
nanostructures or their arrays are still difficult to obtain 
through the template-assisted approach. Despite the efforts 
exerted by scholars in the last decade, special strategies and 
techniques, including channel chemical modification, 7 30 

triblock-copolymer-assist, 8 activation treatment, 10 high 
current density, 14 multistep template replication, 15 mercury 
cathode, 16 and precursor usage, 17 remain necessary. 
Furthermore, controlling and designing metal nanotubes are 
difficult through the template-assisted method, especially 35 

when combined with electroless deposition. Thus, the 
controllable synthesis and property of metal nanotubes with 
adjustable size and shape remain challenging. 
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The physical and chemical properties of nanostructures are 
dependent on structural properties, such as size, shape, and 50 

crystalline state. Several studies have reported that the 
catalytic performance of nanostructures is strongly dependent 
on shape and size because of the different surface areas or 
crystal facets of nanostructures. 3, 18–23 In addition, the 
structure-dependent effect of metal nanostructures has elicited 55 

increased interest, accompanied by the development of the 
structure-controlled synthesis technique for metal 
nanostructures. Novel porous or hollow nanomaterials, 
including metals, 24–27 metal oxides, 28–30 and composites, 31–33 
exhibit good catalytic properties because of their double 60 

surface area and high porosity. The catalytic performance of 
porous or hollow metal nanomaterials is significantly affected 
by their structures. However, only a few reports have focused 
on the catalytic performance of hollow tubular nanostructures, 
especially the structure–performance relationship of magnetic 65 

metal nanotubes.  
In this study, we describe a simple chemical deposition 

method using polycarbonate (PC) templates to design and 
directly synthesize porous Ni nanoparticle nanotube arrays 
without any chemical modification, and mainly focus on the 70 

controllable synthesis technique firstly. In contrast to the 
anodic aluminum oxide template used in our previous study 
for 1D nanotube fabrication,

 11 PC membrane templates not 
only can fabricate some metal nanotubes, 10, 34–38 but also have 
other advantages including their nanoscale pores easily 75 

obtained via the track-etched technique, optional 
specifications, lower cost, and easy removal by organic 
solvents, such as CHCl3. Moreover, the outer diameters and 
lengths of Ni nanotubes can also be determined accurately by 
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the pore diameters and thicknesses of PC templates. 
Compared with previously reported catalysts, the as-prepared 
Ni nanotubes showed higher catalytic activities for dye 
degradation at room temperature by simple mixing. In 
particular, a good structure–performance relationship was 5 

established. These nanotubes can be employed in different 
applications in organic sewage treatment because of their 
remarkable performance. 

Experimetal procedures 

Preparation of Ni Nanostructures 10 

Polycarbonate millipore isopore membrane filters 
(Whatman Inc.) were used as templates with specified pore 
diameters of 2.0, 0.2, 0.05, and 0.015 μm. The Ni nanotubes 
were prepared by a template-based electroless process as 
previously described 11. Two glass utensils were used as bath 15 

with a PC membrane mounted in between. Fresh NaBH4 and 
NiSO4 aqueous solutions were prepared with oxygen-free 
distilled water, and then injected into each glass utensil 
individually. All reagents used in the experiment were of 
analytical purity. Electroless deposition was conducted at 20 

room temperature at different time. After deposition, the as-
prepared PC membranes filled with Ni were polished with 
sand paper, dissolved, and then washed with CHCl3 to 
drastically remove the PC template. Some black solids were 
obtained by centrifugal separation, and then dried in vacuum 25 

for further analysis. The corresponding Ni nanotube arrays 
were obtained after the as-prepared PC membranes filled with 
Ni were dissolved and washed with CHCl3 directly without 
polish. 

Characterization 30 

The morphologies of the Ni Nanostructures were observed 
by scanning electron microscopy (SEM, Japan, Hitachi S-
4800), transmission electron microscopy (TEM, Japan, JEM-
2010), and selected-area electron diffraction (SAED) attached 
to TEM. The structure of the nanotubes was characterized by 35 

X-ray diffraction (XRD, Shimadzu, XRD-6000) pattern. The 
component of the nanotubes was tested by energy depressive 
X-ray spectroscopy (EDS, Japan, Hitachi S-4800) attached to 
SEM and X-ray photoelectron spectroscopy (XPS, Thermo 
Escalab 250). The UV–vis absorption spectra were measured 40 

at room temperature on a Hitachi U4100 spectrophotometer 
using solutions in a 1 cm quartz absorption cell. 

Catalytic Degradation of Dyes 

The degradations of three dyes (MO, MB, and RhB) by an 
excess of NaBH4 were chosen as the model reaction in water. 45 

The catalytic redox reaction process was set up in a standard 
quartz absorption cell. Initially, freshly prepared NaBH4 
aqueous solution (1.0 mL, 6×10–2 M) was added to the quartz 
cuvette containing dyes (1.0 mL, 3×10–5 M) at room 
temperature, then approximately 1.0 mL of aqueous Ni 50 

nanotubes (100 mg/L) was added. The reaction mixtures were 
analyzed immediately by UV–vis absorption spectroscopy at 
room temperature. Moreover, the three dyes, corresponding 
reagent blank (without dyes), and sample blank (without 
catalyst) were also analyzed by UV–vis absorption 55 

spectroscopy. 

Results and discussion 

The XRD pattern of the as-synthesized Ni nanotubes 
obtained by 0.2 μm PC membrane is shown in Fig. S1a (see 
ESI). The diffraction pattern exhibited weak peaks at 2θ = 60 

44.5, 51.9, and 76.6°, corresponding to the (111), (200), and 
(220) plane of face-centered cubic Ni (JCPDS 70-0989), 
which showed that the as-prepared nanotubes maybe weak 
polycrystalline in structure. The EDS result also confirmed 
that the nanotubes were primarily composed of nickel (Fig. 65 

S1b), and the peak of oxygen can attribute to the nanotube 
surface oxidation. The element composition of the nanotubes 
were also verified by the XPS spectrum (Fig. S1c), which 
displayed the peaks of Ni 2p3/2 (853.2 eV) and Ni 2p1/2 (870.9 
eV), which was agreement with the zero valence of Ni. 70 

Moreover, the peaks at 191.9 eV shown in Fig. S1d can be 
attributed to the binding energy of B 1s, which showed the 
existence of the B-O bond. All the above results were also 
similar to that of our previous work. 11 

75 

 

Fig. 1 SEM images of Ni nanotubes (nanorods) obtained in PC membrane 
with different template pore diameter: (a) 2.0, (b) 0.2, (c) 0.05, and (d) 
0.015µm. 

The template-based chemical reduction processing of aqueous 80 

NiSO4 solution enabled the synthesis of Ni nanotubes (nanorods) 
with different sizes depending on the template pores, reagent 
concentration, gas evolution, and reaction time. 

Template pore diameters significantly affect nanostructures. 
Thus, the synthesis of Ni nanotubes with different PC membranes 85 

was investigated. Fig. 1a to 1d show the typical SEM images of 
the Ni nanotubes (nanorods) obtained by electroless deposition in 
PC membrane with different template pore diameters (2.0, 0.2, 
0.05, and 0.015 µm). The same reagent concentration [C (NaBH4) 
=1.0 M, C (Ni2+) =0.5 M] and deposition time (150 s) were used 90 

during the reaction. Nonetheless, the lengths of the nanotubes 
obtained were markedly different because the different 
specifications PC membranes were used. Moreover, the lengths 
of the nanotubes were shorter than the thickness of the 
corresponding PC membrane which was attributable to the 95 

different reaction conditions and ultrasonic treatment. The outer 
diameter, wall thickness, and crystal structure of the nanotubes 
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can be clearly observed from the TEM images (Fig. 2a to 2c), 
wherein the tubular nanostructures are apparent. Furthermore, the 
nanotubes were composed of numerous nanoparticles called 
nanoparticle nanotubes, 39 and mostly polycrystalline in structure 
(inset of Fig. 2a) which was according with that of XRD. A large 5 

number of Ni nanorods were obtained when using the PC 
membrane with a pore diameter of 0.015 µm. As shown in Fig. 
1d and 2d, the outer surface of the Ni nanorods was illegibility, 
but their SAED patterns displayed numerous diffraction dots 
(inset of Fig. 2d). Therefore, the as-prepared Ni nanorods had 10 

better crystallinity than the above obtained Ni nanotubes, 
although both types had polycrystalline structures. 

 

Fig. 2 TEM images of Ni nanotubes (nanorods) obtained in PC membrane 15 

with different template pore diameter: (a) 2.0, (b) 0.2, (c) 0.05, and (d) 
0.015µm. Inserts are SAED patterns 

The detailed data on the sizes of the Ni nanotubes mediated 
by the different PC membranes are shown in Tab. 1. The outer 
diameter of the Ni nanotubes (nanorods) was larger than the pore 20 

diameter of the corresponding PC membrane, especially for the 
small-pore PC membrane, because the actual pore diameters of 
commercial PC membranes are generally larger compared with 
the quoted pore diameters. 5 Furthermore, the wall thickness, 
average tube length, and nanoparticle diameter decreased as the 25 

template pore diameter decreased. However, the diameter of the 
Ni nanorods (30 nm) obtained from the PC membrane with a pore 
diameter of 0.015 µm was similar to the wall thickness (25 nm) 
of the Ni nanotubes obtained from the PC membrane with a pore 
diameter of 0.05 µm. As a result, the hollow structure and surface 30 

nanoparticles both disappeared. Thus, these structures are more 
appropriately called Ni nanorods. The actual deposition time in 
the pores could be different for the four above-mentioned PC 
membranes, although their actual reaction time was all 150 s, 
which is also an evidence of the growth mechanism of Ni 35 

nanotubes. 
The gas-assisted evolution of the morphology of the Ni 

nanotubes was studied using different reagent concentrations. All 
experiments were conducted within 150 s using the PC 

membrane with a pore diameter of 0.2 μm. Fig. S2 shows the 40 

SEM images of the Ni nanotubes obtained at different 
concentrations of NaBH4 and NiSO4 (concentration ratio = 4.0 to 
0.25). The products with similar outer diameters in ca. 280 nm 
were well dispersed and had rough surfaces. The SEM images of 
the products at decreasing concentration ratio [C(BH4

–)/C(Ni2+)] 45 

showed that the product transformed from nanotubes (Fig. S2a to 
S2d) to nanorods (Fig. S2e to S2g) and back to nanotubes (Fig. 
S2h). As shown in Fig. S2b to S2d, the products had tubular 
structure and united length. Moreover, one side of the nanotubes 
was dark, whereas the other side was white, which showed that 50 

the wall thicknesses of the two sides of the nanotubes were 
different. However, one side of the nanotubes inconsistently 
became an aggregate of some nanoparticles (Fig. S2a and S2h), 
and their outer surfaces were also different from those of the Ni 
nanorods (Fig. S2e to S2g). The corresponding TEM images in 55 

Fig. S3 show the area where the wall thickness of the nanotubes 
can be clearly observed and confirm the presence of nanoparticles 
with different diameters. 

Tab. 1 The detailed data of Ni nanotubes obtained in PC membrane with 
different template pore diameter (C (NaBH4) = 1.0 M, C (Ni2+) = 0.5 M, 60 

reaction time is 150 s.) 

PC 
template

As-obtained Ni nanotubes (nanorods) 

Quoted 
pore 

diameter 
(µm) 

Outer 
diameter 

(µm) 

Wall 
thickness 

(nm) 

Average 
Length 
(µm) 

 Ni 
particle 
diameter 

(nm) 

2.00 2.00 180 6.3 40-50 

0.20 0.28 49 2.5 25-30 

0.05 0.10 25 1.2 13-22 

0.015 0.03 a)  - b) 1.9  - c) 

a) The diameter of Ni nanorods; b) Ni nanorods don't have wall thickness; 
c) The particles in the Ni nanorods surface are not obvious. 

Tab. 2 Ni nanotubes fabricated in PC membrane with different 
concentrations of BH4

− and Ni2+ (PC template pore diameter is 0.2 μm, 65 

reaction time is 150 s.) 

No. 

Initial concentration 
Mirror 

formation 
Ni Structures  

  
C(BH4

-

)/M 

C(Ni2+)/
M 

   
C(BH4

-

)/C(Ni2+

) 

BH4
- 

side 
Ni2+ 
side shape 

size 

 d 
/nm 

a)

L max
/μm b)

1 1.00 0.25 4 no yes tube 72 2.9 

2 1.00 0.50 2 no yes tube 49 3.8 

3 0.50 0.25 2 no yes tube 80 5.0 

4 0.50 0.50 1 no yes tube 63 7.4 

5 0.25 0.50 0.5 faint yes tube 57 5.2 

6 0.10 0.20 0.5 few few rods - 2.9 

7 0.05 0.10 0.5 faint faint rods - 2.9 

8 0.025 0.05 0.5 no no rods - 1.8 

9 0.125 0.50 0.25 few yes tube 69 2.8 
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a) d is the wall thickness of the Ni nanotubes; b) L is the length of the Ni 
nanotubes. 

The combined SEM and TEM results (Fig. 2b, 3b, S2, and S3) 
on the reagent concentrations (0.025 M to 1.0 M), experimental 
phenomena, and morphological parameters of the products are 5 

summarized in Tab. 2. The high concentration of NaBH4 or 
NiSO4 ( > 0.25 M), despite the change in the ratio of BH4

- to Ni2+, 
leaded to form Ni nanotubes easily (Nos. 1-5, 9 in Tab. 2). 
Decreasing the reagent concentration permitted the nanotubes to 
transform into nanorods with decreasing diameter at the same 10 

concentration ratio of 0.5 (Nos. 5-8), wherein a mixture of 
nanotubes and nanorods (No. 6) was also obtained (Fig. S2e). 
The results showed that reagent concentration was an important 
factor affecting nanotube or nanorod formation. 

Some phenomena observed during template-based 15 

electrodeposition can provide powerful evidence to explain 
the controllable growth mechanism of the Ni nanotubes. First, 
gas evolution was apparent after adding NaBH4 and Ni2+ 
solution into each glass utensil linked by PC membrane, 
respectively. Such evolution was proven to be a key factor 20 

affecting the formation of nanotubes. Moreover, the bubbles 
in the NaBH4 solution were generally larger than those in the 
Ni2+ solution. Second, a layer of shiny Ni mirrors appeared 
only on the side of the NiSO4 solution at the end of the 
reaction process, especially at higher reagent concentration 25 

(Nos. 1-4). On the other hand, a few Ni mirrors also appeared 
on the side of the NaBH4 solution at lower reagent 
concentration (Nos. 5-7, 9). However, these Ni mirrors did not 
form on both sides of the PC membrane when the reagent 
concentration decreased further (No. 8). Moreover, very high 30 

(4) or very low (0.25) concentration ratios also resulted in a 
very compact Ni mirrors that were hardly removed with sand 
paper. The Ni nanotubes had a larger outer diameter and 
maximal length when the concentration of NaBH4 was similar 
to that of NiSO4 (No. 4). These results could be explained by 35 

the size confinement effect of nanochannels and the different 
ion diffusion rates. 

 

Fig. 3 SEM images of Ni nanorods obtained at different reaction time 40 

with PC membrane (template pore diameter is 0.2 μm, C (NaBH4) =0.05 
M, C (Ni2+) =0.10 M): (a) 1 min, (b) 5 min, (c) 10 min, and (d) 30 min. 

Ni nanotubes were consistently obtained at high reagent 
concentrations because of the formation of Ni mirrors, even 
when the reaction time was further prolonged. The time-45 

dependent evolution of the size and morphology was further 
studied at a low reagent concentration (No. 7 in Tab. 2) to 
understand the growth process of Ni nanotubes and nanorods. 
The synthesis conditions for No. 7 were selected because the 
Ni mirrors were very faint, thereby forming unobstructed 50 

pores and allowing time-dependent reaction. The Ni nanorods 
were still the primary products even at a reaction time of 1 
min (Fig. 3a and S4a) though the previous study found that 
nanotubes can be easily obtained at a short reaction time. 36 
By contrast, prolonging the reaction time from 1 to 5, 10, and 55 

30 min, the as-obtained products were purely nanorods with a 
similar outer diameter of 280 nm (Fig. S4b to S4d) and an 
increasing average length of 0.7, 1.7, 2.2, and 2.8 μm (Fig. 3a 
to 3d). Moreover, longer reaction time was associated with 
smoother nanorod surfaces. The as-prepared Ni nanorods were 60 

uniform when the reaction time was prolonged to 30 min 
(Fig. 3d). These results also illustrate that a low reagent 
concentration promotes the formation of solid nanorods. 

We have studied the controllable growth of Ni nanotubes and 
obtained the following results. First, the pore diameter of the 65 

template had less important influence on the formation of Ni 
nanotubes during electroless deposition compared with the other 
factors. In this reaction system, the nanotubes were easily 
obtained unless the template pore diameter was very small, and 
the outer diameter of the Ni nanotubes was controllable in the 70 

range of 0.1 µm to 2.0 µm. These features make metal nanotubes 
superior over previous reports. It was found that both reagent 
concentration and gas evolution had important roles in the 
formation of nanotubes. The reactions resulting in Ni nanotube 
formation can be described by the following reactions: 40 

75 

BH4
– + 2H2O = BO2

– + 4H2                                                      (1) 
BH4

– + 2Ni2+ + 2H2O = 2Ni + BO2
– + 4H+ + 2H2                    (2) 

BH4
– + H2O = B + OH– + 2.5H2                                               (3) 

Higher reagent concentrations are associated with greater H2 
evolution, which has an important effect on the formation of 80 

nanotubes. 38, 41 By contrast, the confinement effects of the 
motion of molecules (or ions) in nanochannels or porous media 
are important and complicated. 42, 43 In a system composed of a 
nanochannel connecting two infinite chambers, the concentration 
gradient that develops along the nanochannel is classically 85 

described by the following equation: 

 
where c0 is the concentration in an infinite reservoir, t is time, x is 
distance, and D is the diffusion constant. However, this equation 
must be modified based on concentration—a key factor affecting 90 

effective diffusivity. 44 This result was also validated that the 
ionic diffusion rate affected by concentration, pH, etc. 45 was the 
second most important factor affecting nanotube formation, 
which can cause the formation of Ni mirrors and seal the entrance 
of the pores to promote the sole formation of close-end nanotubes. 95 

As shown in Fig. 4, Ni nanotube arrays with different outer 
diameters can adhere to the Ni mirrors, and the mouths of the 
tubes were very clear. 

)
Dt2

x
erfc(ct)c(x, 0

Page 4 of 8CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



5 

10 

35 

ARTICLE TYP

This journal is 

Fig. 4 SEM im
nickel mirror 
diameter of (a) 

Thus, the e
can be propos
diffusion rates
concentrations 
evolution is th
through the por
can rapidly ent
to the preferen
because of the 
path. Moreover

350

a

A
b

so
rb

an
ce

(a
.u

.)

Fig. 6  UV-vis

The catalyt
simple model 

CREATED USI

PE 

© The Royal So

mages of the dif
obtained by P
2.0 µm, (b) 0.2

entire reaction 
ed as two cate

s of anions an
produce nano

he dominant fa
re center to the 
ter the pores fro
ntial deposition
high activity of
r, Ni mirrors fo

400 450
Wavelengt

  0 s
30 s
60 s

s absorption spe

tic degradation
reaction to tes

ING THE RSC COM

ociety of Chem

fferent Ni nano
PC membrane 
2 µm and (c) 0.

process of Ni 
egories mediate
nd cations (Fig
otubes. Under 
actor. Gas bub
pore mouth, an

om two sides in
n of Ni atoms 
f the inner wall
orm easily on o

Fig. 5 Schemat

500 550
th(nm)

ectra of (a) MO

n of dyes by N
st the catalytic

MUNICATION TEMP

mistry [year]

otubes arrays on
with template

05 µm. 

nanotube fabri
ed by different
g. 5). (1) High

this condition
bble can find a
nd anions and c

ndividually, whi
onto the inne

l and the block 
one side of the

tic illustration of 

600 400 5

b

A
b

so
rb

an
ce

(a
.u

.)

, (b) MB and (c)

NaBH4 was used
activities of t

PLATE (VER. 3.1) -

 

nto the 
e pore 

ication 
t ionic 

h ionic 
n, gas 
a path 
cations 
ich led 

er wall 
of gas 

e pores 

bec100 

low
mo
nan
pol
gas105 

(2)
H2

cen
Ni 
the110 

diff
low
red
unb
as t115 

as d

 

f the formation pro

500 600

Wavelength

) RhB degradati

d as a 
the Ni 

nan
act50 

SEE WWW.RSC.OR

cause the ionic 
wer) than that o
outh of the PC 
notubes, which
lishing with sa
s-directed-diffu
Low ionic con
is very weak 

nter. As a resul
atoms can be d

ereby contribut
fference in the i
w concentration
duction reaction
blocked. Furthe
the reaction tim
diffusion-direct

ocess for Ni nano

700 800

    0 s
  30 s
  60 s

(nm)

 

(
)

ion by NaBH4 ca

notubes. This m
tivities of metal

RG/ELECTRONICFIL

www.rs

Journa

diffusion rate 
of cations (v+).
template and en

h can be turne
and paper. We 
sion-assisted 
ncentrations pr
and thus cann
t, ionic diffusio
deposited on bo
ting to nanoro
ionic diffusion 
s is minimal; th
ns continue be
ermore, the len

me is prolonged
ted clubbed gro

otubes (Nanorods

450 500

c

W

A
b

so
rb

an
ce

(a
.u

.)

atalyzed by Ni n

method was us
l nanostructures

LES FOR DETAILS 

sc.org/xxxxx

al Name, [year]

of anions (v–) 
. The Ni mirro

ensure the form
ed into open-e

call this grow
tubular grow

roduce nanorod
not form a gas
on becomes the
oth the center 
od formation. 
rate of the ani

hus, Ni mirrors 
ecause the PC 
ngth of the Ni 
d. We call this g
owth (DDCG). 

s).

550 600

Wavelength(nm)

    0 s
  30 s
  60 s
  90 s

nanotubes at ro

seful for analy
s 46–50. The deg

xx  |  XXXXXX

], [vol], 00–00  

is much larger 
ors shield the p

mation of close-e
end nanotubes 
wth mechanism
wth (GDDAT
ds. The genera
s path at the p
e dominant fac
and wall of por
In addition, 

ons and cation
can not form. T
channels are s
nanorods incre

growth mechani

650 700

 

om temperature

yzing the cataly
radation proces

XX 

|  5 

(or 
pore 
end 
by 

m as 
TG). 
ated 
pore 
ctor. 
res, 
the 
s at 
The 
still 
ease 
ism 

e.  

ytic 
sses 

Page 5 of 8 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



CREATED USING THE RSC COMMUNICATION TEMPLATE (VER. 3.0) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS 

PAPER www.rsc.org/xxxxxx  |  XXXXXXXX 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

of three dyes, including methyl orange (MO), methylene blue 
(MB), and rhodamine B (RhB), were monitored by time-resolved 
ultraviolet–visible (UV–vis) absorption spectra. Ni nanotubes 
with an outer diameter of approximately 280 nm were used as the 
preferential catalysts because of its higher output compared with 5 

the other nanotubes at the same reaction conditions. Upon the 
addition of a small amount of fresh NaBH4 solution into the dye 
solutions in the presence of Ni nanotubes (280 nm), the 
characteristic absorption peaks of MO, MB, and RhB (460, 660, 
and 550 nm) rapidly decreased. After comparing with the UV-vis 10 

absorption spectra of the reagent blank and three dyes (Fig. S5 to 
S7), we found that the absorption peaks at 230 nm to 240 nm 
appeared with a concomitant disappearance of the peaks among 
330 nm to 800 nm. This result indicated that the –N=N– or –
C=N– bonds and π bonds of characteristic conjugated 15 

chromophores in dye molecules cleaved and that the degradation 
products still contained benzene rings 51, 52. The primary 
wavelength ranges were studied at a scan speed of 2400 nm/min 
(Fig. 6) because the degradation time was extremely short. The 
dyes were observed to be degraded within approximately 60 s at 20 

room temperature using the Ni nanotube catalysts under the 
NaBH4 model reaction, but the dyes didn’t fade without the 
addition of NaBH4 which excluded the physical adsorption role 
of nanotubes. 

Tab. 3 The detailed data of the dyes degradation with NaBH4 catalyzed 25 

by Ni nanotubes (280 nm) and other relevant nanomaterials. 

Catalysts Dyes Final 
conc. of 
NaBH4 

(M) 

t0 ka) Ref.
Type  

Final mass 
dosage 

Type 
Final 
conc. 
(M) 

Ni nanotubes 33 mg/L 

MO 

1×10−5 0.02  

50 (s) 
0.062 
(s−1)c)

This 
work

MB 60 (s) 
0.037 
(s−1)

RhB 80 (s) 
0.013 
(s−1)

Hollow Cu 
microspheres 

500 mg/L 
MB 2×10−5 0.02 

8  
(min) 

- 25 

Ag 
nanoparticles 

0.00016 %b) MO 7.8×10−5 0.016 % 
W/V 

9  
(min) 

- 53 

CoO 
nanowires 

0.25 mL 
MB 8.0×10−6 0.0175 

81 
(min) 

0.0383 
(min−1)

54 
RhB 8.0×10−6 0.0175 

22  
(min) 

0.143 
(min−1)

a) k is the first order rate constant; b) the concentration is mass per volume; 
c) Because an excess of NaBH4 are used, pseudo-first-order kinetics with 
respect to the dyes reduction is set in this case to calculate the catalytic 
rate constant by the formula of k = 0.693/t1/2 from Figs. S7b, S8b, and 30 

S9b. 

Dye degradation by the NaBH4 model reaction using other 
relevant nanomaterials is compared in Tab. 3. The degradation 
time of the Ni nanotube catalysts was significantly shorter than 
that of other nanomaterials because of the boron-doping, hollow, 35 

weak polycrystalline structures. 11 By contrast, the three dyes can 
hardly be reduced by NaBH4 at similar reaction conditions when 
the as-prepared Ni catalysts were not added. These results 
suggest that the as-prepared Ni nanotubes are good candidates for 
highly efficient degradation of organic dyes in the presence of 40 

NaBH4 and may have important applications in the field of 
environmental remediation. 
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Fig. 7 Degradation time of three dyes (3×10–5 M) with NaBH4 catalyzed 
by Ni nanotubes (nanorods, red) fabricated by PC membrane with four 45 

different quoted pores diameters. 

The Ni nanotubes or nanorods with different diameters were 
used as catalysts for dye degradation at the same conditions to 
further investigate the structure–performance relationship of the 
as-prepared Ni nanostructures. The typical time-dependent 50 

degradation of MO, MB, and RhB are shown in Fig. S8 to S10. 
The Ni nanotubes (or nanorods) with different sizes showed 
different induction time (t0). The detailed degradation time for 
three dyes is summarized in Fig. 7. All the as-prepared Ni 
nanotubes and nanorods exhibited high catalytic activity under 55 

the NaBH4 model reaction for the degradation of MO, MB, and 
RhB. The diameters of the as-prepared Ni nanotubes were 
smaller, and the degradation time was shorter. This result can be 
attributed to the fact that Ni nanotubes with small diameters have 
high surface areas at the same catalytic concentration. However, 60 

the as-prepared Ni nanorods exhibited inferior catalytic 
properties even if they had a smaller outer diameter (30 nm) 
compared with the Ni nanotubes. This result maybe ascribed to 
the higher surface atom ratio of the nanoparticle-nanotubes 
compared with the nanorods and the easier surface oxidation for 65 

the very small Ni nanostructures. 55 

Conclusions 

In summary, we reported a facile electroless deposition 
method for the controllable synthesis of Ni nanotubes with 
different sizes and shapes in a PC template. Notably, our 70 

magnetic metal nanotube fabrication method did't require any 
chemical modification of the template pores, which may 
reduce the possibility of introducing impurities. In our 
system, the morphological evolution from nanotubes to 
nanorods was systemically investigated using different 75 

reactants concentrations, reaction time, and templates. The 
effect of the reaction parameters on the final sizes of the Ni 
nanotubes was also explored in detail. The results provided 
insights into the growth mechanisms of GDDATG and 
DDCG, which exhibited competitive interaction of ion 80 

diffusion rate, gas evolution rate, and template pore diameter. 
We believe that the GDDATG mechanism can be used as a 
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general method for the growth of other metal and alloy 
nanotube arrays, through which some metal nanotubes, such 
as Fe, Co, and CoNi, have also been fabricated successfully. 
Finally, the catalytic properties of these Ni nanostructures 
were studied to determine the effects of structures on their 5 

catalytic degradation of dyes using NaBH4. This general 
model reaction could make metal nanotube arrays a functional 
material platform for systematic studies of structure-
dependent catalytic properties. 
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Ni nanotube (nanorods) arrays with variable structures have been controllably fabricated by a novel facile one-step template-based electroless deposition 10 
method, and the GDDATG and DDCG growth mechanisms are introduced. The relationship of structures and catalytic properties for the Ni nanostructures 

are also studied, the as-prepared Ni nanostructres prsent higher catalytic efficiency for dye degradation. 
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