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ABSTRACT 
 
The present thesis was mainly to study the preparation of nickel composite materials 
by chemical plating process. Nickel coated boron nitride particles, nickel coated 
spherical silica particles and nickel viscose composite fibres were prepared. Both 
experiment and model development were carried out to study the kinetics of the 
processes. Preparation of hollow nickel fibres was also investigated. 
 
NiSO4-(NH4)2SO4-NH3⋅H2O-N2H4⋅H2O was found a suitable system for nickel plating. 
This system could be employed in preparing nickel coating layer on surface of boron 
nitride particles, spherical silica powder and viscose fibres. The main factors which 
could affect the plating process were investigated. The optimum conditions were 
suggested for different substrate materials based on the experimental results.  
 
It was found that Pd on the surface of substrate materials acted as an active center for 
nickel deposition at the initial stage of the process. Thereafter, Ni itself would act as 
an active center to catch Ni from the solution through the reaction: Ni2+ + 2H* 

ad  
Ni + 2H

⇒
+. The rate of the process was found to be controlled by the reaction at the 

interface under the present experimental conditions. A kinetic model was developed 
on the basis of the mechanism study. The model predictions were found to be in 
agreement with the experimental data for different substrate materials. Since the 
kinetic model does not have any parameters related to the shape and surface area of 
the substrate, it could be used as a general model to describe the processes controlled 
by interface reaction with growing interface area. 
 
Hollow nickel fibers were prepared by thermal decomposition method from nickel 
viscose composite. The experiments showed that viscose filling could be removed by 
heat treatment in air atmosphere. Experiments showed that hollow nickel fiber could 
be prepared by direct thermal decomposition in air flow at low temperature, e.g. 573 
K. But slight surface oxide is inevitable. Decomposition of the viscose filling could 
also be carried at higher temperature. However, serious oxidation of nickel would also 
take place during the decomposition. To remove nickel oxide, reduction by hydrogen 
gas could be applied. 
 
Preliminary effort was made to extend the application of the present method to 
prepare copper viscose composite fibres. Promising result was obtained. More 
detailed study is required to confirm the applicability of the technique. 
 
 
Key words: Nickel, Chemical plating, Kinetics, Model, Hollow nickel fibres, Thermal 
decomposition 
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1 INTRODUCTION 
 
Metal coated composite materials are broadly employed. For example, There are 3 
major applications for metal coated composite fibres, viz. (1) as a reinforcing material 
applied in matrix [1 – 3]; (2) as one of the components in electromagnetic shielding 
layer [4 – 6]; (3) as an important raw material for the lightweight electrode in nickel 
based secondary cells [7 – 9]. The main metals for this kind of fibres are nickel and 
copper.  
 
Another example, sealing materials between rotor and stator of a gas turbine may be 
prepared from nickel coated ceramic or nickel alloy coated ceramic powders. Those 
ceramic cores may have graphite lattice structure, such as hexagonal boron nitride 
have a good self-lubricant and abradable properties, or have a hollow spherical 
structure, such as spherical silica have a good thermal barrier property [10 – 13]. Nickel 
coated ceramic particles, as the raw material, are employed to obtain a composite 
abradable seal layer by plasma or oxygen-acetylene flame thermal spray method.  
 
Chemical plating is one of the direct methods to prepare metal-coated ceramic 
particles. However, most of the deposit of the chemical plating produced by the 
existing techniques contain P or B element [14 – 16]. These elements have negative 
effects on the properties of the layer at high temperature [16 – 18]. Precipitation of 
boride or phosphide phase might be able to strengthen the mechanical properties of 
the materials at lower temperatures. On the other hand, the fast diffusion of P or B 
into the plated substrate and formation of intermetallic compounds would 
dramatically damage the mechanical properties and corrosion resistance of the 
material at about 973 K and above [15, 16]. Electroless deposition of pure nickel has 
also been suggested. [16, 19, 20, 21] However, the bath employed so far has been found 
unstable. 
 
The present study envisages the possibility of a new technique to produce nickel 
coating on the surface of ceramic particles and polymer fibres using ammonia solution 
as the complexing agent, nickel sulfate as the main salt and ammonia-ammonium 
sulfate as the buffer system. It aims at a theoretical consideration with respect to the 
thermodynamic constraints. This is followed by an experimental study of the 
production of nickel coatings. An understanding of the mechanism of the process of 
nickel coating and a kinetic model to describe the process is another focus of the 
study.  
 
As a continuation, the removal of the viscose filling inside the composite nickel fibres 
are also investigated, the goal is to reveal the optimum conditions for viscose fibre 
removal to obtain hollow nickel fibres. 
 
A preliminary study to extend the application of the technique to the preparation of 
copper viscose composite fibres is also aimed at.  
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2 THERMODYNAMIC CONSIDERATIONS 
 
2.1 Nickel plating 
 
To reach a high purity of the nickel coating, hydrazine would be a good alternative as 
the reducing agent. On the other hand, hydrazine shows reductive only in alkali 
environment. In acid surrounding, it is highly oxidative. Ammonia complexing system 
needs also alkali solution to keep its stability. It would be theoretically valuable to 
examine whether using ammonia solution as the complexing agent, nickel sulfate as 
the main salt and ammonia-ammonium sulfate as the buffer system would satisfy 
these conditions.  
 
It has been suggested that the following reaction takes place in an alkali solution [22], 

N2 + 4H2O + 4e- ⇔ N2H4 + 4OH-     ϕ° = -1.16 V                (1)  
 
Hydrazine might also self-decompose through reaction (2), when the temperature 
reaches 523 K or it is catalyzed by metals [22], 

2N2H4 ⇔ N2 + H2 + 2NH3   ΔG° = -231.31                 (2) 1molkJ −⋅
The efficiency of reducing reagent can not reach 100%.  
 
The standard potential of nickel ion is [23] 

Ni2++ 2e ⇔ Ni   ϕ° = -0.257 V                               (3)  
 
It is noted that Ni(OH)2 dissociates in an alkali solution according to the following 
reaction[24]  

Ni(OH)2 ⇔ Ni2+ + 2OH-                                     (4) 
with the equilibrium constant, [24] K = [Ni2+]·[OH-]2 = 5.48 ×10-16 

 

Complexing agent is needed to prevent the sedimentation. In the present study, tartrate 
complexing and ammonia complexing systems are considered. The potential changes 
associated with these two types of additions are, [22]

[Ni(NH3)6]2++ 2e ⇔ Ni + 6NH3      ϕ° = -0.49 V               (5) 
[Ni(T2-)]+ 2e ⇔ Ni + T2-          ϕ° = -0.34 V                (6) 

where T2- stands for tartrate ion.  
 
A Pourbaix diagram (Potential-pH diagram) can be constructed using the data given 
above and assuming that the temperature is 343 K and the concentration of nickel ion 
in the bath is 0.1 . This diagram is presented in Fig. 1. The solid lines 
correspond to the solutions having 0.1  nickel cations with different 
complexing agents. The dotted line represents the variation of potential as a function 
of pH for hydrazine. The Pourbaix diagram indicates evidently that hydrazine can 
reduce both the [Ni(NH

1Lmol −⋅
1Lmol −⋅

3)n]2+ and [Ni(T2-)] ions under the given experimental 
conditions. 
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Figure 1 Pourbaix diagram for Ni2+ alkaline solutions 

 
The total reaction for the deposition of nickel from solution with ammonia 
complexing can be expressed as, 

2[Ni(NH3)n]2+ + N2H4 + 4OH- ⇔ N2 + 4H2O + 2Ni + 2n NH3            (7) 
where n can have a value of 0-6. When n=0, eq (7) becomes 

2Ni2+ + N2H4 + 4OH- ⇔ N2 + 4H2O + 2Ni                      (7’) 
When n=6, 

2[Ni(NH3)6]2+ + N2H4 + 4OH- ⇔ N2 + 4H2O + 2Ni + 12 NH3            (7’’) 
 

In the case of tartrate complexing, the total reaction can be expressed as, 
2[Ni(T2-)] + N2H4 + 4OH- ⇔ N2 + 4H2O + 2Ni + 2T2-                 (8) 

 
When the experimental temperature is chosen in the range of 343-353 K, pH value in 
the range of 8.0-10.0 and the concentrations of nickel ion is 0.1 , the Gibbs 
energy changes for reactions (7’’) is evaluated to be, 

1Lmol −⋅

ΔG7’’ = -370.27~ -427.59 kJ      
                    

These Gibbs energy changes are calculated using the standard potentials of the 
corresponding reactions. As the first approximation, the activities of NH3 and N2H4 in 
the above calculations are assumed to be 1. It should be mentioned that though this 
assumption is somewhat justified by the constant precipitation of N2H4 complex 
compound and the vaporization of NH3, the activities of NH3 and N2H4, especially the 
former, could be considerably lower than 1. Nevertheless, these uncertainties would 
not change the negative values of the Gibbs energies to a great extent. Note that 
reaction (7) has the highest standard Gibbs energy change (less negative) when n=6. 
The little deviation of the temperature would not lead to big change of Gibbs energy 
change of reaction (7). The substantial negative Gibbs energy values of the reaction 
suggest that the system is thermodynamically favorable for the deposition of nickel. 
 
2.2 Preparation of hollow nickel fibre 
 
2.2.1 Evaluation of the thermodynamic properties of viscose fibre by bond-enthalpy 
method 
 
If reaction (7) occurs at the surface of viscose fibres, nickel would deposit on the 
surface of viscose fibres. In order to get hollow nickel fibre, the viscose filling in the 
composite nickel fibre should be removed. Thermal decomposition might be one of 
the removal methods. Viscose fibre is a kind of cellulose [25 – 29], an amylose. Fig.2 
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presents the structure of the cellulose. No thermodynamic data for the cellulose, such 
as the Gibbs free energy of formation, is available to the knowledge of the present 
author. In view of the importance of the thermodynamic data to evaluate the critical 
decomposition temperature, the standard Gibbs free energy of formation is evaluated 
on the basis of the bond energy and heat capacity.  
 
2.2.1.1 Standard enthalpy of formation of cellulose 
 
The bond enthalpy method is employed to evaluate the enthalpy of formation of 
cellulose. The cellulose molecular (see Fig. 2) could be considered as the glucose 
monomers polymerizing and forming a big molecular. (C6H10O5)n could be used to 
express the cellulose molecular. The number, n should be larger than 200. In the 
present work, n is chosen to be 220 according to Rowe [29]. Fig. 2 indicates that there 
are 5 C—C bonds, 7 C—H bonds, 7 C—O bonds and 3 O—H bonds in each 
monomer unit. The bond enthalpies are listed in table I [30].   
 

 
 

Figure 2 Structure of cellulose molecular 
 

Table I Bond enthalpies[30]

Bond C—C C—H C—O O—H 
Enthalpy 

( ) 1molkJ −⋅
348 412 360 463 

 
The formation of (C6H10O5)n could be expressed as 

)s(5106)g()g()g( )OHC(O5H10C6 nnnn ⇔++         (9) 
 

By first approximation, the enthalpy of reaction (9) is assumed to equal to the total 
energy of all the bonds formed in the reaction: 

)3775( HOOCHCCC1 −−−− +++−=Δ nEnEnEnEH         (10) 
where, E is the bond enthalpies for different bonds. The enthalpies for reactions (11) 
to (13) at 298 K can be found in the literature [30].  

(g)(s) CC ⇔              (11) 67.716298K C,
0 =Δ Hf

1molkJ −⋅

(g))g(2 OO5.0 ⇔          (12) 17.249298K O,
0 =Δ Hf

1molkJ −⋅

(g)2(g) HH5.0 ⇔           (13) 97.217298K H,
0 =Δ Hf

1molkJ −⋅
 

A combination of reactions (9)-(13) would lead to the formation reaction of cellulose,  
)s(51062(g)2(g)(s) )OHC(H5O5.2C6 nnnn ⇔++         (14) 

Hence, the standard enthalpy of formation of cellulose could be estimated by the 
following equation, 

4.1776210
298Kcellulose,f −=Δ H          (15) 1molkJ −⋅
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2.2.1.2 Entropy for the formation of cellulose 
  
To evaluate the entropy of formation of cellulose, the heat capacity of cellulose is 
employed. The heat capacity of organic chemical, Cp could be obtained from the heat 
capacities of different atoms in the big molecule [31], 

∑ ⋅= iip nCC                (16) 
where, Ci is the heat capacity of atom i in the polymer; ni is the number of atoms of i. 
The heat capacities and the numbers of different atoms in cellulose are listed in Table 
II. Based on Equation (16) and the data listed in Table II, the heat capacity of 
cellulose is calculated to be  

52.49cellulosep, =C   -1-1 molKkJ ⋅⋅

 
Table II Heat capacities of atoms and the number of different kind of atoms in a cellulose 

molecule 

Atom C H O 
Heat Capacity Ci 

( ) -1-1 molKJ ⋅⋅ [31]
7.53 9.62 16.74 

Number of atom 1320 2200 1100 
 
The absolute entropy of cellulose could be estimated from the heat capacity by 
equation (17),[31]

P
0
298 1.1 CS ⋅=                 (17) 

It leads to   47.540
cellulose,298 =S -1-1 molKkJ ⋅⋅

 
Based on reaction (14), the entropy change of cellulose formation could be expressed 
by equation (18). 

0
(g)O,298

0
(g)H298,

0
)C(s,298

0
cellulose,298

0
298 22

5.256 SnSnSnSS ⋅−⋅−⋅−=Δ     (18) 

where,  is the entropy change of the formation of cellulose from graphite, 
hydrogen gas, and oxygen gas at 298 K. , ,  and  
are the absolute entropies of cellulose, graphite, hydrogen gas and oxygen gas 
respectively. The absolute entropies of graphite, hydrogen gas and oxygen gas at 298 
K can be found in literature 

0
298SΔ

0
cellulose,298S 0

)C(s,298S 0
)(gH,298 2

S 0
(g)O298, 2

S

[30]. These data are listed in Table III. Inserting these 
values into equation (18), the entropy change of the formation of cellulose is 
calculated to be 
    7.2090

298 −=ΔS -1-1 molKkJ ⋅⋅
 

Table III The absolute entropies of C, H2(g) and O2(g) at 298 K [30]

Absolute entropies 
( ) 

0
)C(s,298S 0

)(gH,298 2
S 0

(g)O298, 2
S   

-1-1 molKJ ⋅⋅ 5.74 130.684 205.138 
 
2.2.1.3 Standard Gibbs free energy of formation 
 
The standard Gibbs free energy of formation can be calculated from changes of 
enthalpy and entropy.  and  are used for an approximation here. 0

298HfΔ 0
298SΔ

TG 7.2094.1776210
cellulosef +−=Δ 1molkJ −⋅         (19) 
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Equation (19) implies that  > 0 when T > 847 K. Note that the present 
calculation could only considered to be semi-quantitative and is only valid at standard 
states. However, the calculation would still suggest that synthesis of viscose fibre or 
cellulose above a certain temperature (about 847 K) is impossible.  

0
cellulosef GΔ

 
2.2.2 Possible decomposition reactions of viscose fibre 
 
It has been reported [25, 26, 28, 32, 33] that graphite fibres could be formed by heat 
treatment of viscose fibres. In some of these works, the gas species of CH4, CO and 
H O were found during the heat treatment process [28, 32, 33]

2 . On the basis of the finding 
in the literature, the decomposition reactions (20) and (21) are considered. The 
necessary thermodynamic data from the literature [31, 34] are listed in Table IV.  
 

Table IV Standard Gibbs free energies of formation some compounds [31, 34]

Reactions 0
f GΔ  ( ) 1molkJ −⋅

-64.11+0.114TlgT-0.226T 
4(g)2(g)(s) CH2HC ⇔+  

-116.32-0.084T 
(g)2(g)(s) CO0.5OC ⇔+  

-395.39+0.0001T 
2(g)2(g)(s) COOC ⇔+  

-249.58+0.057T 
(g)22(g)2(g) OH0.5OH ⇔+  

-238.49+0.084T 
(s)2(g)(s) NiO0.5ONi ⇔+  

 
In inert or reducing atmosphere, the decomposition would possibly proceed by 

  (g)2(graphite)n(s)5106 OH5C6)OHC( nn +⇒

TG 1476.969160
20r −−=Δ            (20) 1molkJ −⋅

In oxidizing atmosphere, the decomposition would possibly take place according to 
 4(g)(g)2(g)n(s)5106 CH2OHCO4)OHC( nnn ++⇒

TTTG o 25.370lg 16.502.658721r −+−=Δ        (21) 1molkJ −⋅
Equations (20) and (21) indicate that viscose fibre or cellulose would decompose at 
any reachable temperature. 
 
2.2.3 Possible way to removal the residual carbon inside nickel fibre  
 
Reaction (20) indicates that some carbon (graphite) would be retained inside nickel 
shell. To remove carbon, either oxidation using oxygen gas to get CO or CO2 or 
hydrogenation using H2 to get CH  could be applied. Wang et al [28]

4  believe that at the 
latest stage of thermal decomposition of cellulose, carbon is oxidized. However, the 
oxidation would depend very much on the chemical potentials prevailing in the nickel 
shell and the kinetic conditions.  
 

[33] report that carbon is converted to CHZhu 4 by the catalyst metal nickel in the 
presence of hydrogen gas. The standard Gibbs free energy of formation for CH4 is 
negative, when the temperature is lower than 668 K. However, both CH  gas and H4 2 
gas are not at their standard states. Again, whether CH4 would form depends very 
much on the chemical potentials prevailing in the nickel shell and the kinetic 
conditions.  
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3 EXPERIMENTAL 
 
3.1 Nickel plating  
 
3.1.1 Materials and experimental setup 
 
The chemical reagents used in the plating and kinetic study along with their purities 
and suppliers are listed in Table V.  
 

Table V Materials used in the plating processes 
Name Molecular formula Grade Purity Source 

Palladium Chloride PdCl A.R. > 99 % KEBO 2
Nickel Sulphate NiSO ·7H4 2O A.R. Main impurity Co < 

0.01 % 
KEBO 

Nickel Sulphate* NiSO ·6H4 2O A.R. ~ 100 % Merck 
) SO A.R. > 99 % KEBO Ammonium Sulphate (NH4 2 4

HHydazine Hydroxide N2 4·H2O A.R. ~ 80 % Merck 
A.R. ≥ 25 % Merck Ammonia Solution NH3

Potassium Sodium 
Tartrate 

C4H KNaO ·4H O A.R. 99.0 ~ 102.0 % Merck 4 6 2

Sodium Hydroxide NaOH A.R. 99 ~ 100 % Merck 
≥Dimethylglyoxime C4H N8 2O A.R. Merck  98 % 2
≥) S O A.R. Ammonium Persulfate (NH Merck  98 % 4 2 2 8

2+  β(Ni) = 1001 ± 2 
mgL

Merck Nickel Standard 
Solution 

Ni
-1

≥SO A.R. Sulfuric Acid H Merck  98 % 2 4
≥HSodium Dodecyl 

Sulfate, SDS 
C12 25NaO S A.R. Merck  99 % 4

Copper Sulphate CuSO4·5H2O A.R. > 99 % KEBO 
HHydrazine Sulphate N2 4·H2SO A.R. > 99 % J.T. Baker 

Chemical Co.
4

Sodium Citrate Na3C6H O ·2H O A.R. > 99 % KEBO 5 7 2

Note: * Nickel contents are different between two nickel sulphate reagents. 
 

TMThe particles of BN supplied by Gongyi  h-BN-1 had particle sizes of about 2µm. 
These particles were too small to be used in the abradable seal layer. Hence, the BN 
powder was agglomerated using a binder material of 6 %mass solution of PVA 
(polyvinyl Alcohol M=7200 from Merck). After agglomeration, BN particles having 
an average size of 104 µm were obtained.   
 
The silica particles supplied by ZhongKeTM BTH-1 had particle sizes of about 1 mμ . 
The particles needed also agglomeration before use. The silica powder was first 
mixed with a 2%mass solution of PVA functioning as a binder to prepare slurry. The 
slurry was dried by spraying process at 600 K. Through this process, the micro silica 
particles agglomerated. Spherical silica particles in the size range of 5-60 µm were 
obtained by agglomeration. In order to remove the organic compound and keep the 
sphere shape of the particles in the same time, the silica particles were heat treated in 
air at 1573 K for 5 hours in a MoSi2 furnace.  
 
Four types of fibres were studied in the present work, namely, viscose fibre, carbon 
fibre, polyester fibre and polyamide fibre. All the fibres were cut to a length between 
0.5 – 5 mm before use. The diameters of all fibres are in the range of 10 – 30 µm. 
A simple experimental setup was constructed. It is schematically shown in Fig 3. The 
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setup consisted of a thermostat bath (Grant, GD100, ± 1 K), a round bottom flask of 
1000 mL with three necks and a stirrer (IKA, RW11). The stirrer was inserted into the 
solution through one of the necks, while the second neck was used for temperature 
measurement and the third neck was used for the addition of the chemicals and 
substrate materials.  
 

 
Figure 3 Experimental Setup of Plating  

 
3.1.2 Procedure of nickel plating 
 
A precondition to achieve good plating was to make the surfaces of the substrate 
materials active. Substrate materials, include BN particles, spherical silica powder and 
four kinds of fibres, were wetted by a certain mass ratio palladium chloride solution 
(1 g·L-1) for a few minutes and then were dried in air. Palladium ions were adsorbed 
on the surface. These ions could be reduced easily and therefore induce the reduction 
of nickel ions on the surface. To examine the impact of palladium treatment on the 
plating, some experiments were conducted using BN particles without being treated in 
palladium chloride solution. 
 
Preliminary experiments showed that it was difficult to prevent tartrate bath from 
decomposition. Hence, most of the experiments were focused on the ammonia 
complexing system. 
 
To prepare the chemical bath, nickel sulfate and ammonium sulfate were dissolved 
into water, before about 3 mL hydrazine hydrate solution was added. The solution was 
then heated up to a fixed temperature. The pH value of the solution was adjusted by 
ammonia to a predetermined pH in the range of 8.0-10.0. After stabilization of the 
temperature, substrate materials were added through one of the necks of the round 
bottom flask. The amount of substrate material was predetermined corresponding to 
the mass ratio of Ni2+/substrate material. To avoid the precipitation of complex ions of 
Ni2+ and hydrazine, additions of hydrazine hydrate solution were made during the 
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experiment. It was difficult to add hydrazine hydrate solution continuously with the 
present setup. Hence, 2 or more additions were made through the process. Each time, 
about 2 to 3 mL hydrazine hydrate solution was added. The consequent additions of 3 
mL hydrazine hydrate solution would on one hand keep the concentration of the 
hydrazine hydrate in a controlled concentration interval and on the other hand, 
prevent the precipitation. The vanishing of the color ([Ni（NH ]2+）3 n  is bluish) of the 
solution along with the cease of gas emission would indicate the completion of the 
reaction. Thereafter, the solid phases were separated from the liquid solution using a 
filter or magnetic field, and dried in air. 
  
Visual examination after the reaction revealed that the substrate materials (except 
carbon fibres) were covered by a black layer, indicating thereby the formation of 
nickel coating. The products of plating were sent for analysis. 
 
3.1.3 Stability of the Chemical bathes 
 
To ensure an efficient process, a stable chemical bath is needed. Hence, the stability of 
the bath was studied. In the case of the thermal stability study, 50 mL of the chemical 
solution was kept in a 100 mL test tube. The tube along with the solution was 
submerged into the thermostat bath. The liquid surface of the thermostat bath was 2 
cm higher than the surface of the liquid solution in the test tube. The temperature of 
the thermostat bath was increased at a rate of 2 K·min-1. The lowest temperature 
corresponding to the onset of the precipitation of nickel was recorded.  
  
The industrial stability of the chemical bath was also examined. Again, 50 mL 
solution was kept in a 100 mL test tube. The test tube was submerged into thermostat 
at a constant temperature of 333 K. The liquid surface of the thermostat bath was 2 
cm higher than the surface of the liquid solution in the test tube. After 30 minutes, 1 
mL palladium chloride solution (100×10-6 g·L-1) was added in the solution. The time 
span between the addition of the palladium chloride solution and the onset of the 
cloudy appearance of the solution was noted. 
 
3.2 Kinetic study of nickel plating 
 
To follow the coating process, samples of the plating solution were taken by pipette at 
intervals of 3 - 10 minutes. All the solid phase was removed from the solution by 
strong magnetic field. The removed solid phases were prepared as samples for 
analysis. Each solution sample was 1 mL in volume. H SO2 4 (1:1 volume ratio) was 
added into the solution to stop any reaction. Thereafter, the sample was diluted 10000 
times with potassium sodium tartrate, ammonium persulphate, sodium hydroxide and 
dimethylglyoxime solutions. The diluted solution was analyzed by a ThermoTM 
Genesys-20 spectrophotometer to determine the concentration of Ni2+ [35]. The 
spectrophotometer had been calibrated using nickel standard before the analysis.  
 

3.3 Hollow nickel fibre 
 
The composite fibres employed for the study of preparing hollow nickel fibres had a 
mass ratio (mass Ni/mass viscose) of 2.  
 
The thermogravimetric (TG) measurements in different gases were carried out using a 
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Perkin Elmer TM TG-7A thermogravimeter. All the experiments were conducted 
non-isothermally. In a general run, about 5 mg of fibres were placed in an alumina 
crucible. The sample along with the crucible was position in the even temperature of 
the reaction chamber, before the chamber was sealed. The reaction chamber was first 
flushed by Ar gas. The reaction gas was then introduced into the chamber at a flow 
rate of 50 1minmL −⋅ . Different gases were employed, namely Ar, air and Ar with 12 
volume% H2. When the chamber was filled with the reaction gas, the furnace was 
heated up at a constant rate of 5 K·min-1. The TG curve was followed by the data 
collecting system. 
 
Although some researchers [28, 33] suggested that viscose filling could be removed by 
heat treatment in reducing atmosphere through the formation of CH4, the 
thermodynamic consideration seems not to support their argument. The preliminary 
experimental result of the heat treatments of composite fibres showed that the viscose 
filling in the nickel composite fibres could not be completely removed in Ar 
atmosphere or in Ar-H2 gas mixture (A detailed discussion will be given in the results 
part.) In these atmospheres, carbon would remain in the nickel shell after treatment. 
Since it was necessary to remove carbon by oxidation, experiments to prepare hollow 
nickel fibres were conduced in two steps. Two tube furnaces were employed. In the 
first furnace, the composite fibres were kept at predetermined temperature in air for 
40 min. Thereafter, these fibres were placed in the reaction chamber of another tube 
furnace. The chamber was flushed by an Ar-H2 12 volume% mixture. Thereafter, a 
constant flow (20 1minmL −⋅ ) of this gas mixture was maintained during the whole 
experiment. The sample was heated up to 723 K and kept there for 60 minutes. After 
furnace cooling, the samples were sent for analysis. 
 
3.4 Copper composite fibre 
 
Materials used for copper plating on viscose fibres are also listed in table V. The 
experiment setup was the same as the one for nickel plating. 
 

-1 PdClViscose fibres were first wetted by 1 g·L 2 solution, and dried in air. The mass 
ratio of PdCl2/ fibre was fixed at 8 mg⋅g-1 2+. The Pd  ions adsorbed on the surface of 
viscose fibres were pre-reduced by hydrazine hydrate. After this treatment, the viscose 
fibres were dried at about 343 K to remove the moisture and N H . 2 4
  
Three plating bathes were employed. These baths are presented in table VI. Copper 
sulphate, nickel sulphate and sodium citrate were dissolved into aqueous solution first. 
The solution was heated up to 343 K and kept at this temperature for the coating 
process. After the bath temperature was stabilized, the first part of the reducing 
reagent was added (1 mL hydrazine hydrate or about 1 g hydrazine sulphate for about 
250 mL solution). The solution was stirred for about 3 minutes to make sure 
homogeneity of the solution. The surface treated viscose fibres were added into bath. 
The mass ratio of Cu2+/viscose fibre was fixed at 4. Thereafter, the reducing reagent 
was added into bath through one of the necks of the flask. An amount of 0.5 mL 
hydrazine hydrate or about 0.5 g hydrazine sulphate was added into the bath after 
each 5 minutes. 
 
 
 

10 



Table VI Different baths for Cu plating  
Ingredients Bath1 Bath2 Bath3 

0.025 0.025 0.025 CuSO4 ( ) 1Lmol −⋅
0 0.01 0.01 NiSO  ( ) 1Lmol −⋅4

0.1 0.1 0.1 Na3C6H5O7 ( ) 1Lmol −⋅
Reduce reagent# N H2 4·H2O N H2 4·H2O N H2 4·H2SO4

Note: Reducing reagent were over the amount of the need in reactions. 
 
When the solution became cloudy and no gas emission from the bath, the plating 
process is finished. The products of plating were collected by mesh, and washed by 
water and ethanol. They were dried at room temperature. Some copper viscose 
composite fibres were heat treated at 873 K in pure hydrogen. 
 
3.5 Characterization  
 
A XRD unit (x-ray diffraction) was used to analyse the phase and structure of the 
samples. The micrographs of the samples were examined by a light optical 
microscope (LOM). Scanning electron microscope (SEM) attached with EDS (x-ray 
Energy Dispersive Spectrum) analysis system was employed to study the morphology 
of the samples. Field emission gun SEM was also employed. The latter was focus on 
the observation of surface morphology of nickel fibre. 
 
Some of the samples were embedded into bakelite or epoxy before observation by 
optical microscope or SEM. 
 
Zeta-potentials of BN, were measured in solutions with different pH values.  
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4 RESULTS 
 
4.1 Effects of experimental conditions 
 
4.1.1 Coating on different substrate materials 
 
4.1.1.1 Different kinds of fibres 
 
Four types of fibres were studied in the present work, namely, viscose fibre, carbon 
fibre, polyester fibre and polyamide fibre. All the fibres were cut to a length between 
0.5 – 5 mm before use. It is well known that good wettability is a necessary condition 
to ensure good coating. In view of the difficulties in determining the wetting angles of 
a solution on the solid fibres, an indirect method was employed to gain 
semi-quantitative information. A solution having (1) [Ni2+] = 0.15 , (2) 
concentration of ammonia = 90 mL L

1Lmol −⋅
-1, (3) concentration of ammonium sulphate = 8 

g·L-1 , and (4) mole fraction ratio of hydrazine/Ni2+ = 1 was used to examine the 
wettabilities of the fibres at 353 K. In the examination, short fibres of 1 g were 
compacted into a pellet (16 mm in diameter) under a pressure of Pa (by 4 – 
ton – force). The pellet was dried at 383 K for 2 hours. The porosities of the pellets of 
different fibres are also presented in Table VII. The solution was dropped on the top 
of the pellet. The interval between the two drops was 2 seconds. The weight increase 
of the pellet was followed by a balance. The weight increase of the pellet when the 
first trace of the liquid was detected at the lower surface of the pellet due to 
penetration was recorded as the critical weight increase. It is expected that higher 
porosity of the pellet and better wettability of the fibre would help the pellet to hold 
larger amount of liquid. Hence, the weight increases could be employed to compare 
relatively the wettabilities of the different fibres. These critical weight increases are 
also included in Table VII. It should be pointed out that comparing the wettabilities of 
the fibres in this manner could only be considered semi-quantitative. 

7105.19 ×

 
Table VII Fibres used in the present work 

Name Diameter Porosity of the 
pellet (%) 

Bath absorption 
ratio 

Theoretical density 
μm( )  (g⋅cm-3) 

Viscose fibre 10 ~ 30 2 5.388 ~ 1.0 
Polyester 

fibre 
20 ~ 30 1.38 5 0.808 

Polyamide 
fibre 

20 ~ 30 1.14 5 0.340 

Carbon fibre 10 ~ 20 14 3.228 ~ 1.7 
Note:  All the fibres are from Institute of Fibres and Textiles, China 
           The diameters of the pellets are all 16mm 
 
To examine the possibilities of using the different fibres as substrate materials, the 
composition ([Ni2+] = 0.15 , concentration of ammonia = 90 mL·L-11Lmol −⋅ , 
concentration of ammonium sulphate = 8 g·L-1, and mole fraction ratio of 
hydrazine/Ni2+ = 1 to 3) was employed for the solution bath. For this purpose, the 
bath temperature was kept constant at 353 K. All types of fibres were treated by 
palladium chloride solution (4 mg PdCl2 / 1g fibres ratio) before the coating process. 
The fibres after coating were embedded in conductive bakelite or epoxy resin for 
micrographic study.  
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The micrographs (LOM) of the four types of fibres are presented in Figs. 4a – d. In 
these figures, the fibres are marked as “A”, while the coated nickel layers are marked 
as “B”. To identify the fibres from the embedding material, the embedding material is 
marked as “C”. It is seen that nickel can be coated on all four types of fibres. On the 
other hand, the qualities of the coated layers are very different. While a uniform and 
complete nickel layer covers the viscose fibres (see Fig. 4a), the nickel layers on the 
carbon fibres (Fig. 4b) and polyester fibres (Fig. 4c) show clearly defects. The quality 
of the coated layer on the polyester is even worse in comparison with the layer on the 
carbon fibres. In the case of the polyamide fibres (Fig. 4d), the nickel layer is also 
quite uniform. The quality of the layer on polyamide appears to be somewhat worse 
than the layer on the viscose fibre, but much better than the layers on both carbon and 
polyester fibres. Viscose fibres were selected to be a substrate material for synthesis 
nickel polymer composite fibres. 
 

  
(a) Viscose (c) Polyester 

  

  
(b) Carbon (d) Polyamide 

 
Figure 4 Optical micrographs of nickel coated fibres 

 
The results listed in Table VII indicate that the wettability decreases in the order: 
viscose > carbon > polyester > polyamide. Although the porosities of the pellets used 
for the wettabilty study are somewhat different, these differences would not affect the 
above mentioned wettability order. The variation of the qualities of the nickel layers 
seem to be in accordance with the order of the wettabilities, except polyamide. It has 
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been reported [36] that polyamide has favourable properties for accommodating Pd2+ 
on its surface. The superior accommodation of Pd on the polyamide fibres could be 
the plausible explanation for the better coating quality compared with carbon and 
polyester, though polyamide fibres have the poorest wettability (see Table VII). 
 
4.1.1.2 Spherical silica and BN particles 
 
It is well known that silica has a very good wettability with the aqueous solution. 
Experiment was conducted under the conditions: T = 355.5 K, [Ni2+] = 0.15 , 
mass ratio of Ni

1Lmol −⋅
2+/SiO2 = 0.73, silica powder = 3.0 g, the particles treated with 1.3 mg 

palladium chloride per gram silica. The coated particles are embedded in conductive 
Bakelite for micrographic study. Figure 5 presents the micrograph (LOM) of the 
coated particles. The bright phase is metallic nickel. To help the discussion, the nickel 
phase, silica particle and the Bakelite are marked as A, B and C in the figure, 
respectively. Particles are covered by a complete and uniform layer of nickel. 
 

 
 

Figure 5 Micrographs of spherical silica coated by nickel 
 

A negative Zeta potential of the substrate would favor the coating process. To 
examine this aspect, the surface charge of the BN particles was detected. The Zeta 
potential of the BN particles is plotted as a function of pH value in Fig. 6. It is seen 
that in the whole alkaline range, the values of Zeta potentials of BN are negative. 
Note that the isoelectric point of BN is pH = 2.76. Hence, the surface of the BN 
particles would arrest the metal ions easily, ensuring thereby efficient coating. 

 
Figure 6 Zeta potential – pH diagram for BN particle 
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The BN plating operation conditions were: [Ni(NH3)n]2+ = 0.14 , the amount 
of ammonium sulfate = 7 , the concentration of ammonia = 90 , the mass 
ratio of Ni

1Lmol −⋅
1Lg −⋅ 1LmL −⋅

2+/BN = 1/3, and the mole fraction ratio of hydrazine/Ni2+ = 2, Temperature 
= 346±1 K. Fig. 7a shows the cross section of BN particles coated with Ni at 346 K. 
A complete and quite uniform white ellipse surrounds the BN core, indicating thereby 
the formation of a dense nickel coating. This aspect is further confirmed by the 
mapping of nickel shown in Fig. 7b. It is evidently seen that each BN particle is 
covered by a dense nickel layer. The thickness of the nickel layer is about a few µm. It 
is concluded that nickel can be deposited on the surface of BN particles forming a 
dense and complete coating by using the present technique. 
 

 
(a) Cross section back scattered electron 
micrograph of two BN particles coated with 

Ni 

 
(b) Ni Kα EDS mapping result 

 
 

Figure 7 SEM photomicrograph of the cross section of Ni coated BN particle obtained at high 
temperature and its Ni Kα EDS mapping result 

 
4.1.2 Effect of palladium treating 
 
As mentioned, the superior accommodation of Pd on the polyamide fibres could be 
the plausible explanation for the better coating quality. Pd plays a very important role 
in plating process. Effect of palladium treating was investigated in this research.  
 
The effect of palladium treatment on the coating process is exemplified here by the 
coating on viscose fibres. The concentration of palladium chloride solution was varied, 
while the rest of the experimental conditions were kept constant, viz. (1) [Ni2+] = 0.23 
mol⋅L-1 2+, Ni /fibre is around 3, (2) concentration of ammonia = 90 mL⋅L-1, (3) 
concentration of ammonium sulphate = 8 g·L-1, (4) mole fraction ratio of 
hydrazine/Ni2+ = 1 to 3, and (5) Temperature around 353 K. 
 
It was impossible to plate nickel layer on the fibre when no palladium treatment was 
applied. The time for the completion of the coating process was found to decrease 
with the increase of the PdCl2 concentration, when the concentration is lower than 4 
mg PdCl  / 1 g viscose fibre. This decrease is well brought out by the experimental 2
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results shown in Fig. 8. It is also seen in the figure that further increase of the PdCl2 
would have little effect on the reaction time. At low PdCl2, the coated nickel layer was 
even found incomplete. As an example, Figure 9a shows the SEM micrograph of 
some pieces of coated viscose fibre treated by a PdCl  solution having 1 mg PdCl2 2 / 1 
g fibre. The bare surface of a great portion of the fibre shows clearly the incomplete 
coating. On the other hand, some agglomerated nickel particles are noticed in the 
centre part of the photo, indicating thereby the unsuccessfulness of the coating 
process. Figure 9b presents the micrograph of the samples coated with PdCl2 solutions 
having 4 mg PdCl  / 1 g fibre, the coated layers are quite uniform and complete.  2

 
Figure 8 Effect of the amount of palladium chloride (amount of PdCl2 / 1 gram viscose fibre) on 

reaction time 
 

  
(a) SEM, 1mg PdCl2/ 1g fibre treated (b) LOM, 4mg PdCl / 1g fibre treated 2

  
Figure 9 Micrographs of fibres treated with different amounts of PdCl2

 
Similar trends were found in the case of particle coating. In the case of SiO2, the 
coated nickel layer was complete and uniform when the particles treated with 1.3 mg 
palladium chloride per gram silica were employed (see Fig. 5). On the other hand, the 
sample treated with 0.6 mg palladium chloride per gram silica is not covered 
completely. The incomplete coating is shown in Fig. 10.  
 
On consideration of the economy aspect (palladium chloride is expensive) and the 
reaction rate, a concentration of 4 mg PdCl2 / 1 g fibre was employed for the viscose 
fibres plating, 1.3 mg PdCl2 / 1 g silica for the silica plating and 1 mg PdCl2 / 1 g BN 
for the BN plating in the rest of the experiments. 
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Figure 10 Optical micrographs of spherical silica treated with 0.6mg PdCl2/ 1g silica 
Coating experiments were conducted under the conditions: T = 355.5 K, [Ni2+] = 0.15 , 

mass ratio of Ni

1Lmol −⋅
2+/SiO2 = 0.73, silica powder= 3.0 g. 

 
4.1.3 Effect of nickel sulphate concentration 
 
The mass ratio of nickel/substrate material is an important parameter for nickel 
plating process. When the amount of substrate material is fixed, the amount of nickel 
ion in solution would be the key parameter. 
 
Since nickel ions were supplied by nickel sulphate, the effect of the nickel sulphate 
concentration on the coating was studied. In these experiments, the rest of the 
parameters were kept the same. viz. (concentration of ammonia = 90 mL·L-1, 
concentration of ammonium sulphate = 8 g·L-1, and mole fraction ratio of 
hydrazine/Ni2+ = 1 to 3, T = 353 K). The times for the completion of the reaction for 
different nickel sulphate concentrations are presented in Table VIII.  
 

Table VIII The times for the completion of the reaction with different nickel sulphate 
concentrations 

2+/fibre Reaction time  (min) Mass ratio of NiNi2+ concentration ( ) 1Lmol −⋅
0.075 1 56 
0.150 2 47 
0.230 3 63 
0.300 4 65* 

Note * there were observed some amount of micro particles produced. 
 

As seen in the table, the reaction time is the shortest when the Ni2+ concentration is 
0.15 . This value is in good accordance with the recommended concentration 
(0.14 ) to obtain maximum depositing rate 

1Lmol −⋅
[16]1Lmol −⋅ .  

 
It should be mentioned that the change of the nickel sulphate concentration would 
change the mass ratio of Ni2+/fibre. Consequently, it would change the thickness of 
nickel layer. The mass ratios of Ni2+/fibre at different sulphate concentrations are also 
included in Table VIII.  
 
The optical micrographs of the samples coated with different Ni2+/fibre ratios are 
presented in Fig. 11. Again, the fibre is marked as “A”, Ni layer as “B” and the 
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embedding material as “C”. Figure 11a shows that the fibre surface is not covered by 
Ni completely, when mass ratio Ni2+/fibre = 1. A complete nickel layer is formed 
when the mass ratio Ni2+/fibre reaches 2(Figs. 11b). On the other hand, further 
increase of the mass ratio Ni2+/fibre leads to no significant change in the thickness of 
the coated layer. The SEM micrograph of the fibres coated with mass ration Ni2+/fibre 
= 2 is present in Fig. 12. It is seen that a dense nickel layer is formed, though the layer 
shows micro unevenness. In the case of Ni2+/fibre = 4, some micro nickel particles 
were found at the bottom of beaker during fibre washing process. The presence of the 
micro nickel particles implies too high Ni2+ concentration. The present results indicate 
that a Ni2+ concentration in the interval 0.15 – 0.23  is optimum for the 
coating process. 

1Lmol −⋅

 
Similar observation was obtained in the studies of BN and silica particles. As an 
example, Fig 13a presents the incomplete coating on SiO 2+ particles using Ni /SiO2 2 
ratio 0.55. At Ni2+/SiO2 = 0.73, a uniform nickel layer was obtained, as shown in Fig. 
13b.   
 
On consideration of the qualities of the coated nickel layers and the speed of coating, 
the nickel sulphate concentration was fixed to be 0.14  for BN particles and 
0.15  for spherical silica particles in the rest experiments. 

1Lmol −⋅
1Lmol −⋅

 

  
2+ 2+(b) Ni(a) Ni /fibre = 1 /fibre = 2 

  
Figure 11 Optical micrographs prepare at different Ni/fibre mass ratios 

 

 
 

Figure 12 SEM micrograph of the fibres coated with mass ration Ni2+/fibre = 2 
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2+2+ (b) Ni /silica = 0.73 (a) Ni /silica = 0.55  

 
Figure 13 Optical micrographs of samples prepared at different Ni2+/silica mass ratios 

 
4.1.4 Effect of temperature 
 
It was found that temperature had great impact on the coating process and the quality 
of the coated nickel layer.  
 
As an example, Figure 14 shows the time for the completion of the reaction as a 
function of temperature in the case of viscose fibres (The rest of the conditions were: 
[Ni2+] = 0.23 mol⋅L-1, [Ammonia solution] = 90 mL·L-1, [(NH4)2SO ] = 8 g·L-1

4 , 
Ni2+/fibre is around 3, mole fraction ratio of hydrazine/Ni2+ = 1 to 3, palladium 
treating.). It is evidently seen that higher temperature would lead to higher reaction 
rate (shorter reaction time).  
 

 
Figure 14 Effect of temperature on reaction time 

 
To gain an insight of the effect of temperature on the quality of the coated layer, 
Figures 15a – d present the micrographs of the samples coated at 340.5, 343, 359, 363 
K, respectively. At 340.5 K, the deposition rate was very slow, leading to a loosely 
deposited nickel layer on the surface of the fibre. The adhesion of the Ni layer on the 
fibre is very poor in this case. The loose nickel layer, behaving like a layer of powder, 
could be removed easily. It was even impossible to prepare the sample for microscopy 
examination. As seen in Fig. 15a, the nickel powder (the coated layer) was destroyed 
during polishing. The powder was “painted” on the fibres by the polishing. Similarly, 
the samples obtained at 363 K also had very loose nickel layer. The nickel had very 
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poor adhesion on the fibre. Figure 15d shows that the layers had been destroyed and 
“painted” on the fibres during the polishing of the sample. The reaction rate could be 
too high to obtain a dense layer. On the other hand, Figs. 15b, c and 9b (353 K) show 
coated nickel layers with high qualities. The nickel layers coated at these temperature 
show very good adhesion with the fibre body.  
 
It was found that the possible operation ranges of temperature for nickel coating on 
BN and silica particles were also very narrow. Too low or too high temperature would 
lead to poor adhesion between the nickel layer and the substrates.  
 
The experimental results suggested that the suitable coating temperature range is 
343-359 K for viscose fibres, 343-353 K for BN particles and 335.5-360.5 K for silica 
particles.  
 

  
(a) 340.5 K (c) 359 K 

  

  
(b) 343 K (d) 363 K 

 
Figure 15 Optical micrographs of the samples obtained at different temperatures 

 
4.1.5 Effect of stirring rate 
 
As with all the heterogeneous reactions, mass transfer may play very important role in 
the plating process. To examine this aspect, the experiments were conducted using 
different stirring rates. Figure 16 presents the time for the completion of the plating 
reaction on surface of viscose fibres as a function of the rotation rate of the stir. The 
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reaction time decreases with the increase of the stirring rate up to 600 – 700 rpm. 
Above this point, further increase of the stirring rate does not show any effect on the 
reaction time. The result in Fig. 16 suggests that mass transfer in the plating bath is 
not a controlling step when the stir is rotated at a rate above 700 rpm.  
 
Figures 17a – b present the samples obtained without stirring and stirred at 150 rpm, 
respectively. A comparison of Fig. 17b (150 rpm), and Fig. 9b (1000 rpm) indicates 
that the quality of the nickel layer is not affected noticeably with different stirring 
rates. However, a very loose nickel layer was observed when no stirring was applied. 
As in the case of Fig. 17a the loosely coated nickel layer was destroyed and “painted” 
on the fibre during polishing 

 
Figure 16 Effect of stirring rate on reaction time 

 

  
(a) Without stirring (b) 150 RPM 

 
Figure 17 Optical micrographs of the samples obtained at different stirring rates 

 
When the stir is rotated at a rate above 700 rpm, mass transfer in the plating bath is 
not a controlling step. This conclusion is also applied in the baths both for plating on 
BN particles and spherical silica powder.  
 
4.1.6 Effect of amount of ammonium sulphate 
 
Figure 18 presents the variation of time span for the completion of the coating on BN 
process as a function of the amount of ammonium sulfate, while keeping the rest of 
the experimental conditions constant. The temperature was 346 K, [Ni(NH3)n]2+ = 
0.14 mol·L-1, the concentration of ammonia was 90 mL·L-1 2+, the mass ratio of Ni /BN 
was 1/3, the mole fraction ratio of hydrazine/Ni2+ was 2.  
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As mentioned in the experimental part, the completion of the plating reaction is 
indicated by the vanishing of the color ([Ni（NH3）n]2+ is bluish) of the solution along 
with the cease of gas emission. When the concentration of ammonium sulfate was less 
than 3 g·L-1, the bath solution became cloudy due to the precipitation of Ni(OH)2. In 
such case, the plating reaction finished very soon leading to a large amount of nickel 
deposition on the bottom of the reaction vessel and metallic nickel sediment. A very 
low fraction of nickel would deposit on the surface of BN. On the other hand, larger 
amount of ammonium sulfate would slow down the reaction. When the amount of 
ammonium sulfate reached 30 g·L-1, the solution was still bluish (Nickel is still 
remaining in the bath), when the coating process ended as indicated by the cease of 
gas emission. Hence, the data above 30 g·L-1 is not included in the figure. The result 
in Fig. 18 implies that the amount of ammonium sulfate should be higher than 3 g·L-1 
but lower than 30 g·L-1. Relatively lower ammonium sulfate content would favor a 
fast reaction. 
 
Results of experiments show that the range of the concentration of ammonium sulfate 
should be in range of 6~16 g·L-1 for plating on viscose fibre. [(NH4)2SO ] = 8 g·L-1

4  
was directly applied in bath for spherical silica particles. 

 
Figure 18 Effect of the addition of ammonium sulfate on reaction time 

(Condition：T =346 ± 1 K，[Ni(NH3)n]2+ -1 -1=0.14mol⋅L ，90 mL⋅L  ammonia solution, mass ratio of 
Ni2+/BN=1/3, mole fraction ratio of hydrazine/Ni2+ = 2) 

 
4.1.7 Amount of ammonia solution 
 
The effect of the amount of ammonia solution on total coating time is shown in Fig. 
19. Except the amount of ammonia solution, all the other experimental conditions 
were kept constant, the bath for BN plating (T =346±1 K, [Ni(NH3)n]2+=0.14 mol⋅L-1，
7 g·L-1 ammonium sulfate, mass ratio of Ni2+/BN= 1/3, mole fraction ratio of 
hydrazine/Ni2+ = 2). It is seen in Fig. 19 that too much or too little ammonia would 
both result in low reaction rate. 
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Figure 19 Effect of the addition of ammonia solution on reaction time 

(Condition：T = 346 ± 1 K，[Ni(NH3)n]2+= 0.14 mol·L-1，7 g·L-1 ammonium sulfate, mass ratio of 
Ni2+/BN = 1/3, mole fraction ratio of hydrazine/Ni2+ = 2) 

 
The experiments to study the effect of the addition of ammonia solution on reaction 
time for plating on the surface of viscose fibres show almost the same curve as Fig.19. 
Concentration of ammonia solution around 90 to 100 mL·L-1 could lead to the fastest 
deposition rate. In view of this consistency, this result was directly applied for 
spherical silica powder plating. 
 
4.1.8 Optimum plating conditions for different substrate materials 
 
Considered all the effects above, the optimum conditions for BN particles, viscose 
fibres and spherical silica powder were listed in table IX. 
 

Table IX Nickel Coating Conditions 
Substrate Materials Boron Nitride Viscose Fibre Silica 

Amount of PdCl2 for 
surface treatment of 

substrate 

1mg PdCl2 / 1g BN > 2 mg PdCl2 / 1g 
Viscose fibre  

≥ 1.3 mg PdCl2 / 1g 
Silica 

Temperature (K) 343 ~ 353 343 ~ 359 335.5 ~ 360.5 
Concentration of Ni2+ 

( ) 
0.15 0.23 0.15 0.1~0.2 

1Lmol −⋅
Mass ratio between Ni 
and Substrate Material 

0.3 2 3 ≥ 0.73 

pH value 8.0 ~ 10.0 8.0 ~ 10.0 8.0 ~ 10.0 
Mole fraction between 

hydrazine and Ni
~ 2 ~ 3 ~ 2 

2+

90 Amount of Ammonia 
solution (mL⋅L

90 ~ 100 60 ~ 160 
-1) 

Concentration of 
Ammonium Sulfate 

(g⋅L

8 3 ~ < 30 6 ~ 16 

-1) 
Stir Rate (rpm) > 700 > 700 > 600 ~ 700 

 
4.1.9 Comparison with the sulfate-potassium sodium tartrate system 
 
The experimental conditions in the experiments using nickel sulfate-potassium 
sodium tartrate were chosen aiming at optimum conditions according to the earlier 
work [21]. The experimental conditions are listed in Table X. In order to have a clear 
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comparison, the experimental conditions adopted for the ammonia system are also 
included in the same table. The experimentally determined thermal stabilities and 
industrial stabilities of these two systems are presented in Table XI.  
 
The tartrate solution is easy to decompose and to form nickel at 343 K. Ammonia 
system is more stable. Even when the bath reaches the boiling point 368 K, the 
solution is still clear. In the case of industrial stability, nickel powder is observed after 
714 s with the tartrate system. On the other hand, ammonia system only becomes 
cloudy after 1551 s. 
 
The SEM micrographs of the particles coated using tartrate and ammonia solutions 
are presented in Fig. 20a and b, respectively.  The coated layer using ammonia 
solution shows almost no defect (Fig. 20b).  Micro cracks are seen in the sample 
obtained by using tartrate solution (Fig. 20a). 
 

Table X Experimental conditions 
Composition Tartrate system  Ammonia system 

 
Nickel sulfate  0.1 mol⋅L-1 0.1 mol⋅L-1

-1Potassium sodium tartrate 0 0.15 mol⋅L
-1 0 Sodium hydroxide 0.25 mol⋅L

Ammonium sulfate  7 g⋅L-1 -1, 0.053 mol⋅L
-1 -1Ammonia solution  , 1.324 mol⋅L90 mL⋅L

Molar ratio [N2H ]/[Ni2+] 2.0 2.0 4

 
Table XI Thermal stabilities and industrial stabilities of the two experimental systems 

 Thermal Stability Test Result (K) Result of National standard 
 Stability Test   (s) 

Tartrate system 343 714 
 368 (boiling point) 1551 Ammonia system 

 
 

  
(a) obtained using tartrate system (b) obtained using ammonia system. 

 
Figure 20 The micrographs of the nickel layers 

 
4.2 Plating kinetic 
 
4.2.1 Nickel deposition curves of different substrate materials 
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The nickel coating on BN experimental results are presented in Fig. 21. In the 
experiment, the stirrer was kept at a constant rotation rate, 1000 rpm. The deposition 

fraction, X
o

Nio
d

2

C
CC

X
+−

= defined asd , is employed to describe the degree of 

reaction. and are the initial and instant concentrations of Ni2+
oC , respectively. +2Ni

C
 
Two experiments were made at 347 K to check the reproducibility. As seen in the 
figure, the two experiments show very good agreement, thereby indicating the 
reliability of the experimental results.  
 
The results reveal a strong dependence of the reaction rate on temperature. At and 
above 351 K, the deposition fraction reaches a value very close to one after 30 min. 
On the other hand, a very low fraction of deposition is achieved after 80 min in the 
experiment at 342 K (see Fig. 21).  
 
To have an optimum process, it is desirable that the mass transfer should be fast 
enough so that the deposition reaction is the dominating step. To examine this aspect, 
experiments were conducted at different stirring rates. Figure 22 presents the effect of 
the rotation rate of the stirrer on the reaction. It is seen that the curves obtained at 700 
and 1000 rpm overlap with each other. This overlapping suggests that mass transfer is 
not a controlling step when a strong stir is applied, viz. rotation rates above 700 rpm. 
Even in the case of silica particles and viscose fibres, the deposition rate is not 
controlled by mass transfer in the solution at rotation rate above 700 rpm. This aspect 
is well brought out in Figs 23 and 24 for silica particles and viscose fibres, 
respectively. 
 

o

Nio
d

2

C
CC

X
+−

=Figure 21 Ni deposition curves of BN particles,  
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Figure 22 Effect of stirring rate on Ni deposition on BN particles 

 
Figure 23 The Xd-time curves at different stirring rates at 340.5 K for silica particles  

 
Figure 24 The Xd-time curves at different stirring rates at 353 K for viscose fibres 

 
The Xd-time curves at different temperatures are plotted in Fig. 25 for nickel coating 
on silica particles and in Fig. 26 for nickel coating on viscose fibres. In both cases, the 
reaction rates increase substantially with the increase of temperature. The 
reproducibility of the experiments for silica particles at 360.5 K and for viscose fibres 
at 350.5 K are also brought by these figures.  
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Figure 25The Xd-time curves at different temperatures for nickel coating on silica particles 

 

 
Figure 26 The Xd-time curves at different temperatures for nickel coating on viscose fibres 

 
4.2.2 Nickel layer formation on the substrate materials 
 
To gain an insight into the mechanisms, viscose fibres were sampled at different 
stages of the coating process. Figs. 27a – d present the SEM micrographs of the 
samples. Figure 27a shows a piece of an original viscose fibre. The surface is smooth 
in general, while some grooves are seen. Figure 27b shows a piece of viscose fibre 
after PdCl2 treatment. The tiny white spots are detected to be Pd. A piece of viscose 
fibre taken at the initial stage of the coating process is presented in Fig. 27c. Small 
nickel islands 1 – 2 μm in size have already formed. A piece of viscose fibre after the 
completion of coating is presented Fig. 27d. While the surface of the fibre shows 
unevenness at micro level, the whole fibre is covered by a complete nickel layer. 
SEM and EDS analyses indicated that the coating process on BN particles followed 
the same mechanism. 
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(a) Original fibre 

 
(c) Fibre taken at the initial stage of the coating 

process 

  
(b) PdCl2 treated fibre (d) Fibre after the completion of coating 

 
Figure 27 SEM micrographs of different stages of fibres 

 
4.3 Removal the viscose filling from the composite fibres  
 
The TGA curves of the heat treatments of the composite fibres in Ar, air and Ar- 
12volume% H2 mixture are presented in Figs. 28a-c, respectively. In all the figures, 
the weight change fraction, Xw defined as 

∞Δ
Δ

=
W
WX w             

∞ΔWis employed to describe the degree of decomposition reaction. and are the 
maximum and instant weight changes of the sample, respectively. 

WΔ

 
Experiments to prepare hollow nickel fibres were conduced in two steps. In the first 
step, the viscose filling was decomposed at three constant temperatures, namely 573, 
773 and 1073 K. After decomposition, the fibres was reduced by a Ar-H2 (12 
volume% H2) mixture. The normalized weight changes of the samples are presented 
in Table XII. 
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Table XII The weight of samples during heat treatment in air and reduction process  
Process Expt 1 Expt 2 Expt 3 

Decomposition 
Temperature, K 

573 773 1073 

Decomposition 
Time, min 

40 40 40 

Weight Weight 
(g) 

Weight 
(%) 

Weight (g) Weight 
(%) 

Weight (g) Weight 
(%) 

origin 0.102 100 0.098 100 0.124 100 
After heat 

treatment in air 
0.068 66.7 0.076 77.6 0.100 80.6 

After reduction 0.066 64.7 0.063 64.2 0.080 64.5 
Note:  

1minmL −⋅In all the 3 experiments, the decomposed samples were reduced at 723 K in 20  
Ar-12 volume% H2 mixture gas, 60 min. 
Weights of origin composite fibres were taken as 100%. 

 
 

  
(a) in Ar  (c) in 12 volume% hydrogen 

 

 
(b) in air 

∞Δ
Δ

=
W
WX w

-1,  Figure 28 TGA curves of heat treated nickel composite fibres, 5 K⋅min

The XRD result and SEM micrograph of the origin composite fibres are presented in 
Figs. 29a and b respectively. The XRD detects an amorphous phase as indicated by 
the broad peak (Fig. 29a). This phase belongs to the viscose fibre, since it has a glass 
like structure. Some composite fibres were embedded into epoxy resin to examine 
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their cross section. A back scatter SEM micrograph of the cross section is shown in 
Fig. 29b. The bright phase marked as A is the nickel layer; the region marked as B is 
the viscose fibre and the region marked as C is the epoxy resin.  
 

  
(b) SEM micrograph  (a) XRD result (back scattering electron image) 

 
Figure 29 Results of XRD and SEM micrograph of origin composite fibres 

 
Fig. 30a presents XRD pattern of the fibres heat treated in air at 573 K. Note that no 
reduction was carried out on these fibres. The peak corresponding to the amorphous 
phase no longer exists. Only the nickel peaks are found in the XRD result. In 
comparison with the XRD pattern in Fig. 29a, the peaks in Fig. 30a become sharper, 
indicating thereby that the crystal of nickel has grown bigger. The back scatter 
electron micrograph of cross section is presented in Fig. 30b. It shows that the nickel 
layer (marked as A) has some micro holes. The nickel shell of the original composite 
fibres (See Fig. 29b) is much denser. These micro holes might be generated during the 
thermal decomposition process to allow the passage of the product gas. The zone 
marked as B originally occupied by the viscose fibre is empty, indicating the removal 
of the viscose. The region marked as C in Fig. 30b is the embedding material epoxy 
resin. The secondary electron image in Fig. 30c shows that sub-micro scale crystals 
and holes almost homogenously distribute on the surface of sample. To examine 
whether the nickel shell has been oxidized in air, the result of EDS analysis is 
presented in Fig. 30d. The existence of oxygen is evidently seen. 
 
 
 
 
 
 
 
 

30 



  
(a) XRD result (c) surface micrograph  

 (secondary electron image) 

 
 

 (d) EDS analysis of surface micrograph 
(b) SEM micrograph  

(back scattering electron image)  
 
Figure 30 Some XRD and SEM results of treated composite fibres at 573 K in air  

 
The samples heat treated at 773 K and 1073 K in air show the same behaviours as the 
one heat treated at 573 K. However, the oxidation at these two temperatures is more 
profound. Fig. 31 presented the XRD results taken on the fibres heat treated at 1073 K 
in air. The X-ray pattern indicated that almost all nickel has been oxidized into NiO.  

 
Figure 31 XRD results of the composite fibres heat treated at 1073 K in air 

 
Figs. 32a and b show the SEM micrographs of the fibres heat treated in air at 773 and 
1073 K respectively. Figs 33a and b present the secondary electron images of the 
fibres after reduction in hydrogen argon mixing gas which is containing 12 %volume 
hydrogen. The former fibres were heat treated at 773 K and the latter at 1073 K. Both 
are reduced at 723 K.  
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(a) at 773 K (b) at 1073 K 

  
Figure 32 SEM micrographs of the fibres heat treated in air at 773 and 1073 K 

 

  
(a) heat treated at 773 K, in air (b) heat treated at 1073 K, in air 

  
Figure 33 secondary electron images of the fibres after reduction (723 K, 60min) 

 
 
4.4 Extending the application to the preparation of copper-viscose composite 
fibres  
 
Three different baths (see table VI) were employed. When there was no nickel ion in 
the bath, such as Bath 1 in table VI, the solution became cloudy very soon. In this 
case, a large amount of small particles were found to suspend in the solution. 
Although the red color from copper metal appeared on the surface of viscose fibres, 
the amount of copper deposition on the surface of viscose fibres was very limited.  
 
In Bath 2, 0.01  nickel ions was added. During the reaction, a homogenous 
copper film with metallic color of copper was formed at the inner surface of flask. 
Figure 34 is the micrograph (LOM) of the cross section of a coated fibre. In the figure, 
the fibre is marked as “A”, copper layer as “B” and the embedding material as “C”. 
Since the viscose fibre is transparent, the red color of viscose fibre may be the 
scattering light from copper layer. EDS analysis showed that the surface of fibre was 
pure copper, without any nickel and oxygen. The copper layer was formed at the 
surface of viscose fibre. 

1Lmol −⋅
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Figure 34 LOM micrographs of copper viscose composite fibre 
 

Bath 3 identifies itself from Bath 2 by its reducing reagent. In this solution, N H ·H2 4 2O 
is replaced by hydrazine sulphate (N H ·H SO2 4 2 4). There was no obvious copper 
deposition on the wall of the flask. However, some copper powder was found 
suspending in the solution. The coated fibres by using bath 2 and bath 3 were very 
similar. Their LOM micrographs did not show appreciable difference. 
 
It should be mentioned that no traces of nickel was detected by EDS in the coated 
copper layer by both bath 2 and bath 3. On the other hand, a comparison of the coated 
layers obtained in the three bathes indicates that the copper layers coated in bath 2 and 
bath 3 are much thicker in comparison with bath 1. 
 
The prepared copper viscose composite fibres were found not so stable in air even at 
room temperature. Several days later after preparation, the color of copper on some 
parts of surface of the fibre became light green. EDS analysis indicated that the phase 
consisted of copper and oxygen. Because of the uncertainties associated with EDS 
analysis for light element, it is difficult to identify whether it is Cu2O or CuO. It might 
even be possible this phase being Cu (OH) CO2 2 3. Nevertheless, it is reasonable to 
conclude that the surfaces of the prepared composite fibres are very active. Special 
care must be taken to avoid the reaction between the coated copper layer and air. 
 
The heat treatment was carried out at 873 K in pure hydrogen. The samples were kept 
in the hydrogen atmosphere for about 60 minutes at this temperature. Figure 35 shows 
the SEM micrograph of the cross sections of the samples after hydrogen reduction. 
The micrograph of the sample produced from Bath 1 is presented in Fig. 35a. Since 
the amount of copper on the surface of the viscose fibre is very small, the copper is 
found to distribute on the surface of carbon rather homogenously in the form of spots. 
As reported earlier, viscose will decompose into carbon when heat treated in hydrogen. 
Figure 35b showed the cross section of a sample coated using Bath 3. The bright part 
in the photo is pure copper. During the sample polishing process, some of copper 
powder might have been brought to the center covering a part of carbon surface. It is 
worthwhile to mention that the copper carbon composite fibres obtained by this 
process are very stable. 
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(a) SEM micrograph for low copper contained 
composite fibre 

(b) Cross section micrograph for high copper 
contained composite fibre 

 
Figure 35 SEM micrographs of heat treated composite fibres 
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5 DISCUSSION 
 
5.1 Effects of plating conditions 
 
Ammonia has two roles in plating processes, namely being the complexing agent and 
the source of hydroxyl. When ammonia solution is added into the bath, the following 
reactions take place simultaneously,   

−− +⇔⋅ OHNHOHNH 423        (22) 
OHNHOHNH 2323 +⇔⋅        (23) 

 
Ammonia molecules produced by reaction (23) combine with Ni ions to form 
complexing ions according to reaction (24) and (25) 

++ ⇔+ 2
33

2 )][Ni(NHNHNi        (24) 
 n=1-5    (25) +

+
+ ⇔+ 2

133
2

3 ])[Ni(NHNH])[Ni(NH nn

 
The above equations indicate that a small amount of ammonia addition would lead to 
a low hydroxyl concentration (reaction (22)) and a high Ni2+ concentration (reaction 
(24)) in the bath. On the other hand, a large amount of ammonia addition would result 
in a high hydroxyl concentration (reaction (22)) but a low Ni2+ concentration in the 
system (reactions (23) and (24)). According to reaction (7’), both Ni2+ - and OH  are the 
reactants in the plating process. Since higher reaction rate is associated with higher 
concentrations of the reactants, an optimum amount of ammonia solution is expected 
to reach the lowest reaction time. Fig. 19 shows that this optimum value lies between 
90-100 mL·L-1. It should be pointed out that this optimum range might change with 
the change of any of the experimental conditions. 
 
5.2 Comparison of baths and plating processes  
 
Plating reaction needs a large supply of hydroxyl. In tartrate system, hydroxyl is 
supplied by sodium hydroxide, which is a strong electrolyte. A high concentration of 
hydroxyl is expected in the tartrate solution. The high concentration would promote 
high reaction rate. In ammonia system, the supply of hydroxyl baffled by the 
equilibrium between complexing and ionization:  

−++++ ++⇔⋅+⇔+ nOHnNHNiOHnNHNiOnH])NH(Ni[ 4
2

23
2

2
2

n3  (26) 
Reaction (26) would have some damping effect on the coating process and therefore 
leading to more stable behavior in comparison with the tartrate system. 
 
The difference in the quality of the nickel layers could plausibly explained by the 
instability of the tartrate solution. As mentioned earlier, the tartrate solution is 
associated with high reaction rate. Since the nickel coating is not formed by a single 
layer, the high reaction rate might result in the deposition of nickel atoms on two or 
more layers at the same time. The coating process involves also the evolution of 
nitrogen gas as indicated by reaction (8). The fast formation of the outer layer(s) 
would possibly hinder the release of the nitrogen gas produced by the inner layer. The 
N2 gas has to escape out leading to micro cracks in the coated nickel layer. In the case 
of ammonia solution, while reaction (7) also involves the production of N2 gas, the 
moderate reaction rate would make the reaction proceed almost layer by layer. 
Following this reasoning, the nitrogen gas does not need to go through the product 
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layer and create micro cracks.  
 
5.3 Formation of nickel layer 
 
As mentioned in the results part, palladium treatment was the precondition to 
initialize the nickel deposition process for all BN particles, silica particles and viscose 
fibres. The palladium treatment would create Pd spots of nano size on the surface of 
the substrate materials. Each Pd spot would act as a core of an active centre to 
initialize nickel deposition forming tiny nickel islands. The nickel islands would grow 
in their radius direction when the coating proceeds. Continuing growth of the nickel 
islands would lead to the merging of them. The merging of the nickel islands would 
result in micro pores. BN as the delegate of all the substrate materials, the four stages 
of the coating process are schematically shown in Fig. 36. 
 
The necessity of using palladium treatment is in line with the mechanism shown in 
Fig.36. The micrographs in Figs. 27a - d indicate evidently that the mechanism of the 
formation of nickel layer on the viscose fibre agrees very well with the mechanism 
suggested in Fig. 36. Figure 27b is in accordance with Fig. 36a showing the Pd spots 
just after palladium treatment. The nickel islands on the viscose fibre in Figure 27c 
are well represented by the nickel islands in Fig. 36b. Figure 27d would correspond to 
the coated surface after the completion of the process shown in Fig. 36d. 
 
Since the area of the surfaces of nickel islands become larger and larger with time, it 
provides more active area for deposition, leading to higher reaction rate. The increase 
of the reaction rate in the initial stages is evidently seen in the reaction curves in Figs. 
21, 25 and 26.When the nickel hemispherical islands just start merging together 
(shown in Fig. 36c), the total area of the surface of Ni islands is maximum, leading to 
a maximum nickel deposition rate, Thereafter, the surface area of deposited nickel 
reduces. This period is also seen in deposition curves Figs. 21, 25 and 26. The shape 
of the deposition curves in Figs. 21, 25 and 26 supports again the reasoning that the 
coating processes for viscose fibres, BN and silica particles have the same mechanism 
suggested in Fig. 36. 
 
The above discussed mechanism suggests that both Pd and Ni would act as an active 
center to catch Ni from the solution. Since nickel exists in the solution in the form of 
Ni2+, it can only be captured by the active center through the reaction [23, 37, 38]: 

2+Ni  + 2H*   Ni + 2H+      (27) ⇒ad
where H*  stands for hydrogen atom adsorbed by the active center. ad

 

In fact, a series of chemical reactions are involved in the process. These include 
Dissociation of complex ions: 

2+ 2+  ， n = 1~6    (24, 25)  + nNH [Ni(NH ) ]   Ni⇔n3 3
Dissociation reaction: 

+NH3 + H2O  NH⇔ 3·H2O ⇔  NH  + OH-    (22, 23) 4

H2O⇔  H+ + OH-         (28) 
Hydrazine oxidation – reduction (redox) reactions step by step [22]:  

H2O + N2H4 ⇔  N2H OH + 2H*       (29) 3
H2O + N2H3OH ⇔  N2H2(OH)  + 2H*     (30)  2
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N H (OH)   N  + 2H O        (31) ⇔2 2 2 2 2
And side reaction 

2H*  H            (32) ⇔ 2
The total reaction for the deposition of nickel from solution with ammonia 
complexing can be expressed as [22], 

2+2[Ni(NH3)6]  + N2H  + 4OH-  N  + 4H O + 2Ni+ 12 NH   (7’’) ⇔4 2 2 3

 
Figure 36 The four schematically stages of the coating process 

 
5.4 Kinetic model 
 
On the basis of the above discussion, a kinetic model of the plating process could be 
developed. The process of nickel plating on the surface of substrate materials is 
composed of the following main steps: 

(1) The chemical reactions in the solution to generate Ni2+ ions 
(2) The chemical reactions in the solution to generate H* 

2+(3) The mass transfer of Ni  ions to the reaction sites 
(4) The mass transfer of H* atoms to the reaction sites 
(5) Adsorption of H* atoms by the active center (Pd or Ni) 
(6) Reaction (27) at the reaction sites 
(7) Mass transfer of H+ from the reaction sites to the bulk of the solution. 
 

37 



As shown in Figs. 22 - 24, the intensity of stirring has no appreciable effect on the 
rate of the process under the present experimental conditions (rpm > 700). In fact, the 
fast mass transfer is the result of the considerable strong stirring and the suspension as 
well as movement of the tiny solid particles in the solution. The fast mass transfer 
would suggest that steps (3), (4) and (7) are not the rate limiting steps of the process. 
Steps (1) and (2) are homogeneous chemical reactions. It is reasonable to expect that 
the rates of these reactions are much higher than Reaction (27), which is 
heterogeneous in nature. It is well known that hydrogen could easily be adsorbed by 
nickel. Hence, the rate of the deposition process is likely to be controlled by step (6), 
Reaction (27) at the reaction sites. 
 
In view of the mechanism of the growth of the nickel layer, the adsorption of H* on 
either Pd or Ni is assumed to obey the Langmuir — Rideal mechanism [39]. The rate 
of the deposition of nickel can therefore be described as: 

)(
d

d
**2

2

HHNi
Ni θ⋅⋅=− +

+

SkC
t

C
       (33) 

2+where, +2Ni
C  stands for the concentration of Ni  in the solution; t for reaction time; k 

for the reaction rate constant; *Hθ for surface fraction covered by active atom H*; 
for the surface area of the active centers.  *H

S
 
As a first approximation, an active center could be assumed hemispherical. The 
surface area of a hemisphere is expressed by , where r is the radius of the 
hemisphere. As shown in Fig. 36, the radius of the nickel island increases with time. 
The total mass of nickel of the nickel active centers, m

22 rS π=

Ni can be evaluated by the 
following equation, if we assume that all the active centers have the same size at a 
given time, 

3
NiNiNi 3

2 rnρVnρm π==        (34) 

where V is the volume of a hemisphere of nickel, n is the total number of the active 
centers and  is the density of nickel. The initial active centers are generated by 
the tiny palladium particles on the surface of plating substrate. The deposited nickel 
areas on the surface of substrate will act as new active centers to catch nickel from the 
solution. The mass of nickel captured by the substrate can be related to the 
concentration of Ni

Niρ

2+ in the solution by Eq. (35), 
      (35) SN0Ni )( 2 VCCm i ⋅−= +

V  in the above equation represents the volume of the solution and CS 0 is the initial 
concentration of Ni2+ in the solution. The radius of a palladium active center (before 
the coating process) can be estimated by  

3
1

Pd3
2

Pd
Pd )(

πρ⋅
=

n
m

r        (36) 

Where  is the density of palladium. A geometric consideration would lead to the 
following equation: 

Pdρ
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VCC
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irN  in Eq. (37) represents the average radius of a hemisphere of nickel. Hence, the 
surface area of the active centers can be expressed as: 
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Inserting Eq.(38) into Eq. (33) leads to 
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Note that the amount of palladium attached on the surface is extremely small. The 
term  is therefore only important in the very initial stage of the plating process. 

Since the relationship 

3
Pdr

3
Ni

Ni3
2

sNi03
Pd

)( 2
r

n
VCC

r ≈
⋅⋅

⋅−
<<

+

ρπ
 would hold during most of the 
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In the above equation ka is an apparent reaction rate constant, defined as 
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By replacing the concentration term  with the fraction of deposition X+2Ni
C d and 

applying integration: 
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The integration leads to  
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where, c stands for the integration constant. c can be obtained by the boundary 
condition: t = 0, Xd = 0,  
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5.5 Model applications 
 
On the basis of the experimental curves in Figs. 21, 25 and 26 and the initial 
concentration C , the value of k0 a is evaluated for each experiment. The Xd-times 
curves calculated using equation (44) are incorporated in Figs. 21, 25 and 26. It is 
seen that in all figures, the experimental data are in general very well reproduced by 
the model calculation. 
 
The apparent rate constant ka would obey Arrhenius equation, 

Aln
R

ln a
a +

−
=

T
E

k         (45) 

Where Ea is the activation energy and A is a constant. The plot of lnka against 1/T 
should reveal a linear relationship. Fig. 37a presents the plot for the BN particles 
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plating experiment. In Figs. 37b and c, the term is plotted as functions of 1/T for 
silica particles and viscose fibres, respectively. 

alnk

 
Good linearities are obtained in all three figures. The apparent reaction active 
energy is evaluated to be 217  for the BN substrate. While the regression 
using the data for silica particles reveals an active energy of 87 , the 
regression for the viscose fibres leads to an active energy of 118 . The 
difference among the active energy values could be due to different substrate 
materials. As discussed earlier, the nickel island would grow in its radius direction, 
when the coating proceeds. BN substrate might provide higher energy barrier than 
silica and viscose substrate when the nickel islands grow in its radius direction. 

1molkJ −⋅aE
1molkJ −⋅

1molkJ −⋅

 
The good agreement between the model calculation and the experimental data for the 
three kinds of substrate materials, BN particles, spherical silica particles and viscose 
fibres, strongly suggests that the model can be applied for different substrate materials 
and for different geometrical shapes. 
 

  
(a) On BN particles (c) On viscose fibres 

 
(b) On silica particles 

 
Figure 37 Arrhenius plots for the nickel deposition on different substrate materials 

 
5.6 Removal the viscose fibres inside nickel composite fibres and preparation of 

hollow nickel fibres 
 
Both the thermodynamic calculation and the experimental results suggest that the 
viscose filling in the composite fibre can not be removed completely in Ar and Ar-H2 
mixture. Thermal decomposition of the viscose in these two gas atmosphere would 
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take place according to reaction (20), resulting in the formation of carbon. The TGA 
curves (Figs. 28a and c) obtained for composite fibres in these two atmospheres 
strongly support this finding. The result is in agreement with the earlier works [28, 32].   
The decomposition takes place according to reaction (20) even in air. The oxidation of 

carbon can be described by   (g))g(2 COO
2
1C ⇒+           (46) 

 
Even some amount of CO could be formed. Equation (20) indicates that the 
decomposition leads to the formation of H2O gas. Fig. 30c shows the image of the 
surface of hollow nickel fibre at high magnification. Tiny pores are almost uniformly 
distributed on the surface. These pores would be the passages for the supplying of the 
reactant gas (e.g. O2) and the escaping of the production gas (e.g. CO). The slow mass 
transfer inside the nickel shell would result in the build-up of H2O partial pressure and 
therefore slowing down the decomposition. On the other hand, the decomposition 
finishes at about 780 K in all three gas atmospheres. Even the oxidation of carbon 
finishes at about 800 K. 
 
The results of the TGA experiments of composite fibres suggest that to reach 
complete removal of viscose filling in the composite fibre, oxidizing atmosphere must 
be provided. Zhu et al [33] report that some CH4 was detected by gas chromatogram 
and carbon could react with hydrogen under the nickel catalysing. The present TGA 
results of the composite fibres do not suggest substantial production of CH4 in the 
nickel shell. The presence of H2 gas might push the following reaction to the right 
hand side. 

(g)4)g(2 CHH2C ⇒+               (47) 
However, the build-up pressure of CH4 in the nickel shell would not further promote 
the reaction. This reasoning is in line with the present experimental observation. 
 
The TGA results of the composite fibres suggest that the removal of viscose filling 
should be carried out in the temperature interval between 575 and 675 K. 
 
The oxidation of the carbon results in also the oxidation of nickel. As shown in Fig. 
30d, even at 573 K, oxygen is detected on the surface of the hollow nickel fibre. Fig 
31 indicates that the fibres heat treated at 1073 K in air has been completely oxidized 
into NiO. While the removal of viscose filling is complete in air, the reduction of NiO 
after the decomposition is necessary. The reduction of NiO by hydrogen gas has been 
studied thoroughly.[40] The reduction can take place at relatively low temperature.[41]  
 
Table XII shows that all the samples after treatment in air have got oxidized to some 
extent, while higher temperature leads to more oxidation. The table also shows that 
the weights of all the final products are very close to the theoretical weight, 64.5% of 
origin weight, which correspond to the complete removal of carbon and absence of 
NiO. 
 
To examine the effect of temperature on the structure of the fibre, the SEM 
micrographs of the fibres heat treated in air at 773 and 1073 K are presented in Figs 
32a and b. The size of grains obtained at 773 K appears to be smaller than the grain 
size at 1073 K. The oxide layer in Fig. 32b looks denser. Figs. 33a and b present the 
micrographs of the fibres heat treated in air at 773 and 1073 K and then reduced at the 
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same temperatures. Again, the fibre prepared at higher temperature looks denser. The 
surface of the reduced fibre looks like sponge. There are some holes and cavities of 
meso-scale (nano to sub-micro scale) distributing rather uniformly on the surface of 
product.     
 
5.7 Extending the application of the technique to copper plating on viscose fibres  
 
It is suggested that chemical plating is a kind of autocatalytic deposition process. The 
metal, such as nickel, cobalt, platinum, silver etc, have a high H- adsorption property 
[22]. These metals could provide active centers for deposition reaction. On the other 
hand, copper does not have such property. When the whole reaction surface was 
covered by copper, the reaction at the surface would stop automatically. Hence, a 
catalyst should be selected for copper coating process. Nickel might be one of the 
alternatives.  
 
No traces of nickel was detected in the coated copper layer by EDS for both bath 2 
and bath 3 in table VI, but the layer of deposited copper were thicker than the one for 
bath 1. It seems that nickel ions might act as a catalyst during the plating process. To 
understand the mechanism of the catalytic reaction, further well designed experiments 
are required. 
 
While the preliminary experimental results have shown the potential of the present 
method to prepare copper carbon composite fibres, further studies are definitely 
required. First of all, the mechanism of the catalytic effect of nickel ions must be 
investigated. Optimum conditions for both plating and heat treatment should also be 
studied. 
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6 SUMMARY 
 
Thermodynamic calculation has revealed that ammonia-ammonium sulfate system 
can be employed to prepare the nickel coating. The experimental results have 
confirmed this prediction. Dense and uniform nickel coating on the surfaces of BN 
particles, spherical silica powder and viscose fibres have been obtained. On the basis 
of the experimental results, the operation parameters have been suggested for plating 
on BN particles, spherical silica powder and viscose fibres. Ammonia bath has been 
found to be more stable than reported tartrate bath. 
 
A kinetic study was carried out to reveal the mechanism of nickel coating on BN 
particles, spherical silica particles and viscose fibres. The concentration of Ni2+ in the 
solution was followed as a function of time using a spectrophotometer. SEM and EDS 
analyses were made on the samples taken at different stages of the coating process. 
The results revealed that the coating process started by the deposition of nickel on the 
trace of Pd acting as active centers. Active H* atoms were adsorbed on the active 
centers. The interface reaction was suggested to be: Ni2+ + 2H*   Ni + 2H+⇒ad . After 
the initial stage, the deposited nickel itself would become active centers for further 
nickel deposition. In accordance with the mechanism, a kinetic model was developed. 
The results of model calculation agreed well with the experimental data obtained in  
both particle coating and fibre coating processes. Since there is no parameters relate to 
the shape or surface area of substrate materials, this model could be applied as a 
general model to describe the process controlled by interface reaction on a growing 
interface.  
 
On the basis of the estimated Gibbs free energy, the possible reactions of 
decomposition of viscose fibre were thermodynamically analyzed. In inert or reducing 
atmosphere, viscose fibre would decomposed into carbon and water gas, while in 
oxidizing atmosphere, the decomposition would result in CO, H O and CH2 4 gases. 
The thermodynamic analysis indicated that to remove the viscose filling completely 
from the nickel-viscose composite fibres, oxidizing atmosphere must be applied. 
However, the oxidizing atmosphere would lead to the oxidation of nickel. Two 
methods could be adapted to remove the viscose filling from the nickel-viscose 
composite fibres. One is to heat treat the composite in air at relative low temperature, 
e.g. 573 K. However, slight oxidation of the remaining nickel shell can not be avoided 
by this treatment. The second route is to firstly decompose the viscose filling in air 
and then reduce the nickel oxide by hydrogen. It was found that different heat 
treatment would lead to different morphology of hollow nickel fibre. 
 
A preliminary study to extend this approach to coat copper on viscose fibres was 
carried out. While the results have showed the potential of this technique in the 
preparation of copper viscose fibres, further careful investigation is required to 
confirm the applicability of this technique and to find out the optimum coating 
conditions.    
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7 FUTURE WORKS 
 
 
 

 The surface characteristics of different substrate materials should be investigated 
in more detailed in the future. And the adherence of the nickel layer on the 
substrate materials should be more carefully examined. 

 
 Other nickel plating systems, e.g. sodium hypophosphite, borohydride or borane 

ramification used as reduction reagent, are also broadly applied in different field. 
The mechanisms of the plating using these systems should be studied.  

 
 Processes of synthesizing copper viscose composite fibres should be investigated 

in more detail. Since copper is not an autocatalytic metal for adsorbing H atoms, 
the mechanism of copper deposition should be investigated. It would also be 
valuable to study whether the present kinetic model can also be applied to copper 
deposition.   
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LIST OF SYMBOLS 
  

2+concentration (initial concentration of Ni2+ Primary prepared Ni in the 
plating solution)  (kgm0C  

-3) 
Concentration of metallic Ni deposited on the plating substrate (kgm-3) 

Ni
C  

+2NiC  Concentration of  Ni2+ in plating solution (kgm-3) 

Apparent reaction active energy (kJmol-1) 
aE  

 
k Reaction rate constant (kgm-3s-1) 

k 12smkg 3
2

−−a Apparent reaction rate constant ( ) 
Total mass of nickel deposited on the palladium active centers (g) 

Nim  
n Number of Pd core on the surface of the plating substrate per unit volume of 

plating solution 
-1R K-1) Gas constant (Jmol

S The surface area of the active centers (m2) H*
T Temperature in Kelvin (K) 
t Reaction time (s) 
Vs Volume of the plating solution (m3) 
SD Standard deviation 
X Deposition fraction d

X the weight change fraction w
  
         Greek Symbols

The surface fraction covered by active atoms H* θH*
ρ Ni mass density  (kgm-3) Ni

 
ρ Pd mass density  (kgm-3) Pd
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