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Thermodynamic analysis on synthesis of fibrous Ni-Co alloys precursor and
Ni/Co ratio control
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Abstract: According to the principles of simultaneous equilibrium and mass equilibrium, a series of thermodynamic equilibrium
equations in Ni(I)-Co(I)-C,0, —~NH;-NH, —H,O system at ambient temperature were deduced. The diagrams of logarithm ion
concentrations versus pH values at different solution compositions were drawn. The results show that Ni** and Co?* can completely
precipitate at pH less than 5.0 and the predefined Ni/Co ratios can be well kept in the precursor. The precursor morphology is
granular aggregation. However, rod aggregation precursor is obtained in the pH range of 5.0—8.0, and fibre-shape precursor is got at
pH value higher than 8.0. The Ni/Co ratios in the above two precursors are not reproduced as that in the feed due to the formation of
multi-coordinated Ni(NH;),>" and Co(NH;),2" (n=1-6). Modification of precipitation medium is favorable for the precursors to keep
the predefined Ni/Co ratios of the feed in the pH range of 2.0—-8.6. Meanwhile, the precursors with fibrous morphology can be

obtained.
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1 Introduction

As important magnetic materials, Ni-Co alloys have
potential application in high-density magnetic recording
medias, ferrofluids technology, magnetic resonance
imaging, high-temperature catalysts, microwave absorber
and electromagnetic shielding material[1]. Recently, the
preparation methods and applications of one-dimensional
(1D) Ni-Co alloy materials have been paid to more
attention due to their unique properties of low
dimensionality[2]. The preparation methods include
template[3], liquid-phase reduction[4—5], electro-
deposition[6], microemulsion[7], sol-gel-thermal
reduction[8], magnetic-field-induced assembly[9], and
hydrothermal method[10]. However, the above synthesis
methods would result in difficulties in application of
magnetic assemblies in nanodevices, owing to the
presence of the surfactants or the requirement of external
magnetic fields. Up to date, few 1D assembly of Ni-Co
alloys was independent of any surfactants or external
forces.

In previous research[11—13], fibrous nickel, copper
and NiO powders have been prepared in the system of
Me(11)-C,0,*> —NH;—-NH, —H,0 by complex
precipitation-thermal decomposition (Me represents
nickel, cobalt or copper). This reaction system is
probably suitable to synthesize fibrous Ni-Co alloys.
ZHANG et al[l4] prepared fibrous Ni-Co alloy
precursors by oxalate coprecipitation method in the
system  of  Ni(I)—Co(I1)~C,0,> ~NH;-NH, —H,0.
However, compositional homogeneity and maintenance
of predefined Ni/Co ratios in the prepared Ni-Co alloy
are not solved because of different thermodynamic
properties of the precipitation reaction for each metal ion
and preferential precipitation of nickel oxalate or cobalt
oxalate. Recently, PUJOL et al[l15] conducted the
research of nanostructured cobalt oxalate precipitation by
using cryogenic electron microscopy technique to
characterize intermediate precipitation products. They
found a strong correlation between the particle evolution
and the solution chemistry. The particle evolution was
related to the ionic concentration in solution and pH
value. ZHAN et al[16] reported the shape-controlled
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synthesis of the fibrous Ni-Co alloys precursor with
desired Ni/Co ratios by improving reaction conditions.
The final precipitate properties of Ni-Co alloys precursor
including composition, particle size and morphology
were obviously affected by the complex formation in the
reaction system, their sensitivity to pH and the
simultaneous presence of several species. Therefore, this
work aims to further identify process by the
thermodynamic calculation of Ni(I)~Co(II)~C,0,* —
NH;-NH,;"—H,O system and to understand correlation
between the maintenance of the predefined Ni/Co ratio
and fibrous morphology. Based on the thermodynamic
calculation and the improved experiments, the fibrous
Ni-Co alloys precursor with predefined Ni/Co are
prepared.

2 Thermodynamic calculation of Ni(Il)—
Co(IT) —C,0, —NH;3;-NH,;—H,O system

2.1 Principle of calculation method

In the system of Me(II)-NH;-NH,—C,0,* —H,0,
there exist not only precipitation reactions, but also
diversified coordination reaction. Regarding the reaction
between Me?" and C2042_, it can be expressed as follows:

Me*+C,0,7 =MeC,04(s)
Kp(MeC,04(s))=[Me*"][C,0," ] )

For the reaction between Me®" and OH, there are
following formula:

Me**+20H =Me (OH),(s)
Ksp(Me(OH),(s))=[Me*"][OH T’ )

Therefore, the actual concentration of free Me?™ in
the solution is deduced by using following equation:

[Me? J=min {K,(MeC,04(s))/[C;04> ],
Kop(Me(OH)y(s))/[OH 1*} 3)

2.2 Thermodynamic data and equilibrium equations

In the system of Ni(Il)~Co(Il)~C,0,* —NH;—
NH, —H,0, the main chemical reactions include the
coordination reaction of Ni*" and Co*" with ammonia
and C,0,>, hydrolysis of Ni*" and Co*’, compounding of
Ni*" and Co?" with C,0,%, and dissociation of weak
acids and alkaline. The relevant reactions are listed in
Table 1. For a certain precipitation process, the variables,
such as temperature and pressure, are usually constant,
so the diagrams of lIg[Me®']; versus pH values at
different solution compositions would be drawn for
further discussion.

2.3 Mathematical model
Based on the principles of simultaneous equilibrium

Tablel Equilibrium equations and equilibrium constants in
Ni(I)—-Co(I)-C,0,> ~NH;-NH, "—H,0 system (T=298K)[17]

No. Equation IgK
1 H,C,0,~HC,0, +H" -127
2 HC,0, =C,0,” +H" —4.27
3 NiC,04(s)=Ni*"+C,04* -9.4
4 CoCy04(s)=C0*"+C,0,> )
5 Ni(C,0,)(aq)=Ni*"+C,04* -5.3
6 Ni(C,04),> =Ni**+2C,0,% ~7.64
7 Ni(C,04);" =Ni**+3C,0,% -8.5
8 CoC,04(aq)=C0*"+C,0,*" -4.79
9 Co(Cy04),> =C0*+2C,0,* -6.7
10 Co(C,04);  =C0*+3C,0,* -9.7
11 NiOH™=Ni*"+OH" -4.97
12 Ni(OH),=Ni**+20H" -8.55
13 Ni(OH),(s) =Ni**+20H" -14.7
14 Ni(OH); =Ni**+30H" -11.3
15 Co(OH),(s)=Co*"+20H" -9.75
16 Co(OH),(aq)=Co*+20H" -9.20
17 Co(OH); =Co**+30H" -14.8
18 Co?"+H,0=CoOH +H" -10.5
19 Co(OH),(s)+20H =Co(OH),* -5.20

20 H,0=H'+OH" -14

21 NH,=NH;+H" -9.24

22 Ni(NH;)**==Ni**+NH; -2.80

23 Ni(NH;),>*=Ni*+2NHj —5.04

24 Ni(NH;);>*=Ni*"+3NHj -6.77

25 Ni(NH;),>*=Ni*"+4NH; -7.96

26 Ni(NH;)s>*=Ni*"+5NHj -8.71

27 Ni(NH;)s>*=Ni*"+6NHj -8.74

28 Co(NH;)**=Co®*+NH; -2.11

29 Co(NH;),**=Co**+2NH, -3.74

30 Co(NH;),**=Co**+3NH, —-4.79

31 Co(NH;)**=Co**+4NH, -5.55

32 Co(NH3)s>"=Co>"+5NHj -5.73

33 Co(NH3)s>"=Co>"+6NHj -5.11

and mass equilibrium, the mathematic models of
1g[Me*; vs pH value at different solution compositions
are deduced. [Ni*'], [Co*"], [Ni*']r, [Co®]r, [NH;]r, and
[C,04* ]r represent the free concentrations of Ni*' and
Co*", the total concentrations of Ni>*, Co®", ammonia and
C20427, respectively.

The total concentrations of coordinations of Ni*"
and Co’" with ammonia in solution are expressed as
[NiNH;]r and [CoNH;]r, respectively. Both expressions
are shown as follows:
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=[Ni(NH;)* T+H[Ni(NH;),> J+[Ni(NH;):* ]+
[Ni (NH3),” T+[Ni(NH3)s™ THNi(NH;)” ']
=[Ni2+](1OZ'SO[NH3]+105'04[NH3]2+106‘77[NH3]3+
107'%[NH3]4+108‘71[NH3]5+108'74[NH3]6) (4)
[CoNH;]r=[Co(NH;)* +{Co(NH;),” [+[Co(NH;)s* ]+
[Co (NH;);*] +[Co(NH;)s* ]+ [Co(NH3)s™']
=[C02+](102'“[NH3]+103'74[NH3]2+104‘79[NH3]3+
1OS.SS[NH3]4+105.73[NH3]5+105.11[NH3]6) (5)

[NiNH;]r

The total concentrations of coordination of Ni** and
Co?" with OH ™ are expressed as [NiOH] rand [CoOH] 1
in solution, respectively. The equations are listed as
follows:

[NiOH];=[Ni(OH) T+{Ni(OH),(aq) [+[Ni(OH); ]
N i2+] (1 QPH-9.03 1 ()2pH-19.45 4 03pH—3o,67) (6)
[COOH]T:[Co(OH)+]+[C0(OH)2(aq)]+
[Co(OH); J+{Co(OH),” ]
_ [C02+](10pn—9,75+102pﬁ—1 84,
10%PH-31 .5+102pH—33,10) 7

The total concentrations of coordination of Ni*" and
Co*" with C,0,% are expressed as [NiC,O4]r and
[CoC,04]r, respectively. The following equations are
obtained:

[NiC>04]r=[Ni(C204)(aq) +[Ni(C204),” T+H{Ni(C204)5* ]

LIN2(10°[C,042 THO™[C,0,2 T+105[C,0.2 T)
(8)
[CoC2041r=[Co(C204)(aq)+[C0(C;04),> 1+{Co(C,04)5* ]

:[C02+]( 1 04.79[C2042*]+ 1 06.7[C2042*]2+ 1 09.7[C2042*]3)
9

Thus, the total concentrations of C,0,%, NH;, NiZ"
and Co”’, namely [C,0,* ]r, [NH;]r, [Ni*']rand [Co*‘]r
can be obtained with following equations:

[C,04% 1=[C,04> JH[HC,04 +[H,C,04]+
[NiC,04]1+[CoC204]+
=[C,0,7 J{(1+10%52 2ty 1027 PHy 4
[Ni*")(10°*+2x107*[C,0, |+
3x10%9[C,04% )+[Co* (104 7+
2x10%7[C,0,2 1+3%x10%7[C,047 19} (10)
[NH5]r=[NH;]+[NH, T+[NiNH;]+[CoNH;]r
=[NH;](1+107* P*)+[Ni*"J(10**[NH; ]+
2x10°%[NH, *+3x10%" [NH; ] +4x 10" [NH;]*+
5x10%7' [NH;’+6x10%™[NH;]°)+[Co* (10> [NH;]+
2x10° 7 [NH;*+3x 10*[NH;]+4x10° S [NH;]*+

5x10° 7 [NH;]*+6x 10> [NH;]°) (11)
[NiZ"]r=[Ni* H[NiOH]1+[NiC,0,]++[NiNH;]
=[Ni2+] (1 £1QPH903 1 02PH-19.45 1 ()3PH-3067
10%[C,047 T+10™[C,04 T+10%[C,04 T+
10*%°[NH;]+10>“[NH;*+10%" [NH;]*+
10" INH;]*+10* "' [NH;]*+10* ™ [NH;]%} (12)
[Colt=[C0* [+[CoOH]1+[CoC,0,]r+[CoNH;]r
=[C02+] (1+1 QPH97541 2PH- 1841 o3PH31.5 1 2PH-33.10
1047°[C,047 1+10°7[C,04 T+107"[C,0.7 T+
10*"' [NH;]+10* ™ [NH;*+10*[NH;]*+10° S [NH; ] *+
10°7[NH;*+10>" [NH;]°} (13)

According to the principle of calculation, the actual
concentration of free Ni** and Co?" in the solution can be
expressed as follows:

[Co™]=min {K,(CoC,04(s))/[C,047 ],

Kp(Co(OH)y(s))/[OH T} (14)
[Ni**J=min {K,(NiC,04)(s)/[C204” ],
Kop(Ni(OH),(s))/[OH T} (15)

3 Calculated results and discussion

The relationships among the nine variables of [Co]r,
[Co™, [NiJr, [Ni*], [NHslr, [NHsl, [C04Tr,
[C,04* ], and pH are confined by Eqgs.(4)—(15). For the
given values of [C,04* ]r and [NH;]r at a certain pH
value, other variables can be obtained from the above
equations by computation. The calculated results are
plotted as shown in Figs.1-3.

Figure 1 shows the curves of Ig[Ni*"]; and Ig[Co*']r
vs pH value in Ni(I)-Co(II)~C,0,> -NH;—NH,'~H,0
system (T=298 K) at different total ammonia concen-
trations with a fixed [C2042_]T of 0.6 mol/L. It can be
observed when pH value is less than 4.0, the total
concentrations of nickel and cobalt ions, [Ni*‘]y and
[Co™]r decrease with increasing pH value. In the pH
value range from 4.0 to 5.5, [Ni*']; and [Co”"]; almost
reach the minimum values. However, [Ni*' ] and [Co® ']t
increase sharply with increasing pH values in the range
of 5.5-9.0 for [Ni*']r and 5.5-9.5 for [Co®'] due to the
coordination of nickel and cobalt ions with ammonia.
The higher the ammonia concentration is, the higher
[Ni*']; and [Co*'}; are. [Ni*']; and [Co*]; almost keep
constant at the maximum value due to the formation of
Ni(NH;)*'s and Co(NH3)*' in the pH range of 9.5-11.0
for nickel ions and 9.0—10.0 for cobalt ions. High
alkaline condition, such as pH>11.0 for nickel ions and
pH>10.0 for cobalt ions, causes declined concentrations
of [Ni*"]1 and [Co*"]; again because nickel ammonia or
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(a)

[NH;]y

1 —0.6 mol/L
21 2—12 mol/L
3—1.8 mol/L
4—2.4 mol/L
-4+ 5—3.0 mol/L
6—3.6 mol/LL |
7—42 mol/L J

Ig[Ni2*],/(mol*L ™)}

(b)
| [NH;]y
1 —0.6 mol/L
2—1.2 mol/L
2 3—1.8 mol/L
4—2.4 mol/L
5—3.0 mol/LL
6—3.6 mol/L |
7—42 mol/L

lg{[Co**]/(mol*L ™"}

pH

Fig.1 Curves of 1g[Ni*']y and 1g[Co*']y vs pH in Ni(Il)-
Co(I-NH;-NH,'—C,04—H,0 system at [C,04]* 1=0.6
mol/L and different [NH;]1 (T=298 K)

cobalt ammonia complex will dissociate to nickel ions
and cobalt ions under high pH conditions. The
dissociated metal ions precipitate with OH, leading to
the decrease of total concentrations of nickel and cobalt
ions in the solution.

In addition, [Ni*']; and [Co®']; increase with
increasing ammonia concentration because of the
presence of complex reaction between Ni*', Co®" and
ammonia. When [NHs]; increases, [Ni*']; and [Co®']y
almost maintain stable at pH<5.5 for Ni*" and pH<6.0 for
Co?". However, in the pH range of 5.5—11.0 for Ni*" and
6.0-10.0 for Co**, [Ni*']; and [Co*']; gradually increase
with increasing [NH;]r due to the strengthened complex
reaction of Ni*" and Co®" with ammonia. The higher the
concentration of ammonia is, the higher [Ni*']; and
[Co®]r in the solution are. The stability constant of
soluble complexes between Ni*'and ammonia is larger
than that between Co’" and ammonia. The solubility of
NiC,04 (0.36 g/L at 291 K) is larger than that of CoC,04
(0.021 g/L), so the coprecipitation production cannot
keep the predefined Ni/Co ratios of the feed.

Figure 2 shows the curves of 1g[Ni*']y and 1g[Co*];
vs pH value in the studied system at different [C,04% ]t
(T=298 K) and [NHj;]t being 2.0 mol/L. The results show

(a)

[C,07 ]

2k 1 —1.0 mol/L
2—0.8 mol/L
3—0.6 mol/L
4—0.4 mol/L

F5—0.2 mol/L

I TS

lg{[Ni>*]/(mol-L™")}

_8 1 L L 1 L 1
2 4 6 8 10 12 14 16
pH
-0.5
(b)

“L5F 6,07,
= 1—1.0 mol/L

-2.5F 2—0.8 mol/L

3—0.6 mol/L
4—0.4 mol/L

*1¢/(mol*L™")

.

lg{[Co

pH

Fig.2 Curves of 1g[Ni*']y and 1g[Co*']r vs pH in Ni(Il)-
Co(II)-C,0,> —NH;—H,0 system at [NH;]}t=2.0 mol/L and
different [C,04* T+ (T=298 K)

the total concentrations of Ni*" and Co®" in the solution
decrease with increasing [C2042_]T because
coprecipitation between Ni*' and Co®" with C,04 is
susceptible to achieve complete precipitation under
excess chemical stoichiometry of oxalic acid at pH<5.0.
The effects of the total concentrations of C20427 on the
precipitation rate of metal ions are more obvious at
pH>8.0. Therefore, the total C,0,% concentration is
crucial during precipitation process. In order to reduce
the effect of the total C,0,> concentration on the
precipitation  rate C,04  total
concentration should be controlled at 1.0—1.2 times of its
stoichiometry.

Figure 3 shows the curves of Ig ¢ vs pH value for
each nickel and cobalt species in solution system (T=298
K) with [C,0,% ]+=1.0 mol/L and [NH;]t=3.0 mol/L. It
can be found that the concentrations of free nickel or
cobalt ions are the dominant species in the solution.
Partially, Ni(NH;),”" and Co(NH;),”" (n=1, 2) are formed
at pH<6.0 and pH<7.0, respectively. Moreover, the
dominant species are Ni(NH;),>" and Co(NH3),>" (n=3-6)
in the pH range of 6.0-10.5 for Ni*" and 7.0-13.0 for
Co®", respectively, because most of nickel and cobalt
ions coordinate with ammonia, resulting in the
concentrations of free nickel and cobalt ions gradually

of metal ions,
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Fig.3 Curves of 1g ¢ vs pH for each nickel ion species and each
cobalt ion species in Ni(II)~Co(I)-NH;—NH,'— C,0.5-H,0
system at [C,04]* 1=1.0 mol/L and [NH;];=3.0 mol/L (T=298
K)

decrease with increasing ammonia concentrations. The
maximum concentrations of nickel ammonia and cobalt
ammonia complex are obtained in the pH range from
10.5 to 13.0. The concentrations of nickel and cobalt
hydroxide complex become the dominate ions at pH
value higher than 13.0.

As mentioned above, the coprecipitation is a
complicated dynamical equilibrium process and different
ion species compete against each other in Ni(I[)—Co(II)—
NH;—-NH,"-C,0,> -H,0 system. The rate and order of
precipitation for each metal ion are dependent on
precipitation-dissolution equilibrium constant, initial
concentration of precipitation agent, stability constant of
soluble complex and dissociation equilibrium constant.
When pH value is less than 5.0, the nickel and cobalt
ions can be considered as complete coprecipitation and
the predefined Ni/Co ratios in the feed can be well
maintained in the coprecipitation product. When pH
value is in the range of 5.0-9.0, there exist the
coordination reaction between metal ions and ammonia,
and the coprecipitation of Ni*" and Co*" with C,04>.
The coprecipitate cannot maintain the predefined Ni/Co
ratios in the feed in the pH range of 5.0-9.0 and cobalt
content in the precipitate is larger than the nickel content.

4 Results and discussion

4.1 Experimental process

NiCl,'6H,0, CoCl,6H,0, NH;H,O, C,HsOH,
CH;COCHj;, (NHy),C,04, H,C,0O4 and surfactant PVP
were used as starting materials. All of the reagents were
analytical grade without further purification prior to use.
Nickel chloride and cobalt chloride were mixed in a
container according to different ratios of Ni** to Co*"
Then the intimate mixture was injected into water
solvent or mixture-solvent medium containing oxalate or
ammonium oxalate, organic solution and ammonia by a
peristaltic pump under certain temperature. Meanwhile,
ammonia solution was added to adjust and stabilize the
pH value. After agitating and aging, the coprecipitate
was washed with distilled water followed by surfactant
solution, ethanol and acetone. Finally, the coprecipitates
were filtered and dried in vacuum at 373—393 K for more
than 12 h, and then the precursor particles were obtained.

The residual contents of Ni*" and Co®" in the filtrate
were analyzed by atomic absorption spectrometry (AAS).
The morphology of the precursor was observed with an
electron scanning microscope (SEM) (JSM—5600LV).
The contents of Ni*' and Co® in the precursor were
determined by chemical analysis and energy dispersive
spectrometry (EDS) for SEM. The Ni/Co molar ratio (R)
can be calculated by

R=(W(Ni)-m/A(Ni))/(W(Co)-m/A(Co)) (16)

where W(Ni) and w(Co) represent Ni*" and Co*" mass
fraction in the sample, respectively, m represents the
mass of the sample, A(Ni) and A(Co) represent Ni and
Co relative atomic mass, respectively.

4.2 Relationship between precursor morphology and
pH value in solution
Figure 4 shows the correlation between the

01 C,071,=04 mollL IgNF

[NH;]7=2.0 mol/L

|
o]

Rod

Ig{[Me*"]y/(mol-L ™)}
L

Fig.4 Correlation between morphology of coprecipitated
particles and corresponding formation conditions in Ni(Il)—
Co(I)-NH;—NH, "—C,0,% —H,0 system
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morphology of the precipitated particles and their
formation conditions based on the experimental and
theoretical results. From Fig.4, it can be seen that the
granular aggregation particles are obtained when pH is
below 5.0, while the rod aggregation particles are present
in pH range from 5.0 to 8.0; and the fibre-shape particles
are obtained at pH value higher than 8.0. This can
probably attribute to the increase of free ammonia
amount combined with nickel-cobalt oxalate in solution.
Theoretically, the concentrations of free ammonia and
various nickel-cobalt ammonia complexes increase
gradually with increasing pH in the solution when pH
value varies from 0 to 12 (Fig.3). As a result, the process
of particle nucleation and growth is changed and diverse
morphologies of particles are formed at different pH
values. Undoubtedly, the different solution composition
leads to the formation of these three kinds of particles
with different shapes. In order to obtain certain precursor
particles, the pH value should be controlled in the
corresponding range by using ammonia. In terms of this
figure, the pH value range should be adjusted above 8.0.

4.3 Effect of pH on maintenance of predefined ratio
of Ni to Co in water solvent and mixed solvent

Figure 5 shows the influence of pH value on the
ratio of Ni** to Co®" in coprecipitation product in water
solvent, under the conditions of predefined Ni*"/Co*"
molar ratio in the feed of 4:1, reaction time of 1 h,
reaction temperature of 333 K, aging time of 3 h, and the
total concentration of Ni*" and Co*" of 0.5 mol/L. From
Fig.5, it can be concluded that the predefined Ni/Co
molar ratios in the feed can be well maintained in the
precursor at pH<5.0. When pH value is in the range of
5.0-9.0, the predefined Ni/Co molar ratio in the feed
cannot be kept in the precursor, which indicates that the
experimental result is in accordance with theoretically
calculated values. Table 2 shows the EDS analysis of

4.1

y
=
[
[
L
L

w
1)

s
oo

Molar ratio of Ni?* to Co?*

e
-1

I =—Inital molar ratio of Ni** to Co**
e— Calculated molar ratio of Ni** to Co*"

3,6 1 1 1 1 1 1

2 3 4 5 6 7 8 9
pH
Fig.5 Influence of different pH values on molar ratio of Ni to
Co in coprecipitate when water solvent is used as precipitating
medium

Ni*" and Co®" content in different selected areas of the
coprecipitates with initial mass ratios of Ni*'to Co*" of
84:16 and 67:33. The results show that not only the
predefined Ni/Co ratio cannot be maintained but also the
composition is heterogeneous in the coprecipitate
product. From the above analysis, it is found that the pH
value higher than 6.0 does not favor the complete
precipitation of Ni*', which results in difficulty to obtain
a desired pH range to maintain predefined Ni/Co ratio
with fibrous morphology for Ni-Co alloy precursor.

In order to synthesize the fibrous Ni-Co alloy
precursor particles with original Ni/Co ratios of the feed
and compositional homogeneity, the solvent should be
selected to ensure the presence of a wide pH range to
maintain original Ni/Co ratio in the coprecipitation
process. A modified coprecipitation process is presented
based on the principle of physical chemistry, where the
solvent is composed of water and organic solvent with
surface tension lower than water (labeled as X). The X
can mix with water at arbitrary ratio. In this new solvent
(hereinafter defined as mixed solvent), the volume
fraction of X is always higher than 25%.

Figure 6 shows the influence of pH value on the
precipitating rate of metal ions (calculated according to
residual metal ions of filtrate) and the Ni/Co molar ratios
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Fig.6 Influence of pH on precipitating rate of metal ions (a) and
Ni/Co molar ratio of coprecipitate (b)
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Table 2 Ni*" and Co?" content of as-prepared fibrous precursor with different predefined Ni/Co mass ratios by EDX
Selected area Predefined mass ratio of Ni to Co=84:16 Predefined mass ratio of Ni to Co=67:33
W(Ni)/% w(Co)/% W(Ni)/% w(Co)/%
Area | 82.36 17.64 56.07 43.93
Area 2 84.03 15.97 64.86 35.14
Area 3 84.39 15.61 57.20 42.00
Area 4 81.39 18.61 58.32 41.66
Total nickel and cobalt content was postulated as 100%
Table 3 Ni*" and Co®" content of as-prepared fibrous precursor with predefined mass ratio of Ni to Co=80:20
Coprecipitation Predefined mass ratio Selected area 1 Selected area 2 Selected area 3
pH value of Ni*' to Co** WNIZY%  W(Co* )%  wNi*)/%  w(Co™ )%  wNi* V%  w(Co™)/%
8.2 80:20 80.07 19.93 80.01 19.99 80.07 19.93

Total nickel and cobalt content was postulated as 100%

in the precursor (calculated according to solid
coprecipitate) in the modified coprecipitation under the
above conditions, except for the mixed solvent of X and
(25%) instead of water solvent used as
precipitating medium and different predefined Ni*'/Co**
in the feed. It is seen from Fig.6(a) that the precipitating
rate of Ni*" and Co®', especially Ni**, obviously
increased by changing precipitating medium. The reason
could contribute to the solubility of individual cation
oxalate and soluble complex of each cation in X lower
than those in water medium, which results in the
reduction of each cation residual concentration. From
Fig.6(b), it is concluded that precipitation could maintain
the original Ni/Co ratio in the feed excellently at
2.0<pH<8.6. Table 3 shows EDS analysis of Ni*" and
Co*" content in different selected areas of the
coprecipitates. The results show that the modified
coprecipitation process can improve the maintenance of
predefined Ni/Co ratios in the feed and compositional
homogeneity of cation for the fibrous Ni-Co alloy
precursor.

water

5 Conclusions

1) Based on the principles of simultaneous
equilibrium and mass equilibrium, a serials of
thermodynamic equilibrium equations in the complex
system of Ni(I)-Co(II)-C,0,> -NH;—NH, —H,O at
ambient temperature were theoretically deduced. The
relationships between Ig[Me®']; and pH at different
solution compositions were quantitatively established. At
pH<5.0, the metal ion can completely precipitate and the
predefined Ni/Co molar ratios in the feed can be
maintained in the precursor.

2) The theoretical calculation and experimental
results show that free Ni*" and Co®" are the dominant
metal ions in the solution at pH<5.0, leading to the
formation of granular aggregation-shape precursor with

the predefined Ni/Co molar ratio in the feed. However,
most of Ni*" and Co*" coordinate with NH; to form the
soluble complex at pH>5.0, which leads to the formation
of rod aggregation-shape precursor in the pH range
between 5.0 and 8.0 and fibre-shape precursor at pH>8.0,
respectively. The original Ni/Co ratio in the feed and
good compositional homogeneity cannot be maintained
in the precursors at high pH value (higher than 5.0). The
experimental results are consistent with the theoretical
analysis.

3) As compared with water medium, the mixture of
low surface-tension and viscosity solvent and water used
as precipitation medium favors to maintain excellent
compositional homogeneity and predefined Ni/Co ratio
of the feed in coprecipitation product, and to prepare
fibrous precursor at pH<8.6.
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