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Mechanism

Roughening of non-conductive substrate ceramic materials with hydrofluoric acid (HF) is usually an essential
step to enhance adhesion of the coating by electroless chemical plating. However, the violent reaction between
HF and the hollow glass microspheres (HGMs) usually causes breakage and damage of the thin shells of HGMs.
This paper proposes a modified roughening strategy for Ni electroless plating, i.e., eroding HGMS slowly with a
mixture of sodium fluoride (NaF) and hydrochloric acid (HCI). The Na,SiF¢ by-products from the reaction of NaF

with SiO, were erased by the following NaOH washing to expose the surface of HGMs without any obvious pores
or breakage. Such a modified roughening and followed alkali washing strategy can thus not only reduce the
surface corrosion, but also hinder the further damage of HGMs by covering Na,SiF¢ sediments. The successive
plating of uniform Ni nanoparticles on HGMs was conducted, and the related mechanism was discussed in detail.

1. Introduction

Hollow glass microspheres (HGMs), mainly made of fly ash with
main components of silica, are now attracting more and more attention
due to the merits of high compressive strength, high fire resistance,
high corrosion resistance, low thermal conductivity and low thermal
shrinkage coefficient. They can be used for petroleum drilling [1],
composite material [2,3], hydrogen storage [4], drug diagnosis [5] and
so on. Simultaneously, the further surface metallization of HGMs by
cobalt [6-8], nickel-cobalt [9], nickel-iron [10,11] and iron-cobalt
[12], would like render them as ultra-light multifunctional materials for
conduction fillers and wave absorbents.

Many methods, such as chemical vapor deposition [13,14], sol-gel
method [15], sputtering deposition [16] and electroless chemical
plating [17-19] have been used for surface metallization of HGMs.
Among them, electroless chemical plating is one of the most often used
with the advantages of simplicity and easy operation. It is usually
composed of the following steps, (i) surface roughening, (ii) surface
activation and (iii) chemical plating. Among these steps, activation has
been paid much attention to make the substrate surface covered with a
layer of metal for self-catalytic ability. Just because of this reason, most
literatures are dealing with the optimization of such step or developing
non-noble metals for activation. For example, Shukla et al. coated
copper on HGMs using a AgNO; activator instead of the traditional
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PdCl, activator [20]. Meng et al. prepared magnetic HGMs composite
material by activating electroless Ni plating using Ni salt [21]. Zhang
et al. activated the surface of ABS plastics by novel palladium-free
pretreatments by molecular grafting and self-assembling for Ni plating
[22].

However, roughening is also of vital importance to increase the
micro-roughness and contact area of the substrate surface, and then to
improve the adhesion and wettability between the substrate and the
coating [23]. Therefore, this step determines the uniformity of the
coating and the adhesion strength between the coating and the sub-
strate directly [24]. HF is mostly often used as the roughening agent for
commercial HGMs as silica is inert to most other common acids. But the
strong exothermic reaction of SiO, with HF would like to cause the
breakage of the thin wall of HGMs, and then low quality, i.e., dis-
continuous and even easy-to-fall-off plating. Some material scientists
have also tried to pre-treat the surface of HGMs by NaOH hydroxylating
[25], potassiu mdichromate (K,Cr,0-) plus sulfur acid (H,SO4, 98 wt%)
[6], or y-aminopropyltriethoxy silane (APS) [10]. But the weak adhe-
sion between the plating layer and the smooth substrate surface of
HGMs is still a problem should be conquered urgently.

Compared with other metal deposition on HGMs, such as Cu [26]
and Ag [27], Ni plating is also much more important due to its out-
standing corrosion and wear resistance [28]. In addition, Ni plating is
also used to make a soft magnetic thin film with excellent high
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Fig. 1. Characterization of pristine HGMs. (a) SEM image, (b) Si mapping, (c) O mapping, (d) Ca mapping, (e) EDX spectrum and (f) size distribution.

frequency electromagnetic properties [21]. This paper proposes a new
and feasible NaF roughening method for Ni plating, i.e., pre-treating
HGMs by soaking in a mixed solution of NaF with HCl. The following
activation by PdCl, and final Ni plating indicated that uniform Ni na-
noparticles were uniformly dispersed on the surface of HGMs. The ef-
fects of NaF and NaOH concentration on the recovery ratio of HGMs
were investigated, and the related mechanism was discussed in com-
parison with HF roughening.

2. Experimental procedure
2.1. Raw materials

As shown in Fig. 1, HGMs supplied by Sinosteel Maanshan Institute
of Mining Research Co., Ltd., were 5-100um in diameter and
0.6 g cm 2 in true density. The main element of HGMs are Si and O and
also contains a small amount of Ca. The analytical reagents, including
sulfate hexahydrate (NiSO4,6H,0), Sodium hypophosphite mono-
hydrate (NaH,PO»'H,0), trisodium citrate dehydrate
(CeHsNa30,2H,0) and sodium acetate trihydrate (CH;COONa-3H,0),
were purchased from Sinopharm Chemical Reagent Co., Ltd., and used
as received without any further treatment.

2.2. Electroless Ni plating process

Fig. 2 shows the experimental strategy, including roughening, ac-
tivation and then Ni plating, as described in brief as follows.

a) Roughening of HGMs were conducted by soaking two different

solutions separately: (a;) in HF solution (0.5-4.5mol/L, 0.1 L) for
30s, followed by drying at 60°C for 1h; (a;) in a mixed NaF
(0.5-4.5mol/L) and HCI (2.5mol/L) solution, followed by NaOH
washing (0.1 L; 2.5mol/L) for 30 min and drying at 60 °C for 1 h.
The as-roughened HGMs were dispersed in deionized water and
poured into a separator funnel to rest for 30 min. Then the broken
HGMs were removed out due to the higher density (2.2 g.cm ™) than
water, which will be weighted afterwards.

b) Activation treatment of the HGMs after the former step was carried
out in a colloid-palladium solution at 55 °C for 30 min, in which
palladium chloride was set at 0.1 g/L. Then the activating HGMs
were filtered from the solution, immersed in 10 vol% HCI for 2 min
and later rinsed with distilled water for 3 min.

c) Ni plating on HGMs after the roughening and activation steps was
carried out in a bath containing a mixture as shown in Table 1 for
30 min. The plating temperature and pH value of the bath was set at
75°C and 4.8-5, separately. Both solution (0.1L) and 1 g of acti-
vated microspheres were used as substrates. Mechanical agitation at
a high rotation rate given to the electrolyte will damage the HGMs
as well. After measuring the damage ratio of the filtrated micro-
spheres, a uniform rotation rate (400 r/min) was employed in the
full process to avoid the HGMs breakage caused by mechanical
agitation as possible

d) Finally, the plated HGMs were filtered and dried at 60 °C before use.

2.3. Calculation

In order to determine the recovery ratio and broken ratio of the
HGMs, the as-roughened HGMs were dried and weighted. The recovery
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Fig. 2. Experimental flow chart for the modified roughening and electroless plating strategy.

Table 1
Composition and condition of plating bath.

Chemical Concentration Operation conditions
NiSO4 6H,0 25g/L Temperature: 75 °C,
NaH,PO, H>0O 25g/L Stirring speed: 400 r/min
Ce¢HsNaz0, 2H,0 25g/L pH value: 4.8-5
CH3COONa 3H,0 15g/L

Lactic acid 25g/L

ratio of HGMs in the process of roughening was set as ry:

m
n—
my

(€)]
where mg represents the weight of raw HGMs, and m; represents the
weight of roughened HGMs.

The broken ratio of roughening HGMs was set as r,:

pe

m 2)
where m, represents the weight of the broken HGMs, and m; represents
the same weight of roughened HGMs in Eq. (1).

The roughened HGMs by NaF were immersed in boiling water in
order to determine the proportion of NaF contributed to the generation
SiF, or Na,SiFg, since the latter reacts with hot water to form HF ac-
cording to the following reaction:

64

Boili
Na,SiF, + 2H,0 =" 2NaF + 4HF + Sio, 3)
The acid-alkali titration method was used to determine the HF
content as well as Na,SiFg content. As the NaOH molar amount con-
sumed in titration was set as ng, the molar amount of Na,SiFg (set as n)
produced in the acid roughening reaction can be calculated according
to the following reaction formula.
n
n==2
4

4

2.4. Characterization

The phase identification of the as-obtained microspheres was per-
formed via X-ray diffraction (XRD, Bruker D8 VENTURE, Germany)
with a Cu Ka radiation (A = 1.5405 ;\) powered at 40 kV/100 mA. The
testing was carried out for 20 scanning from 10° to 90° at a rate of 10°/
min with a goniometric resolution of 0.02°. The surface morphology
and microstructural features of composite microspheres were observed
by field emission scanning electron microscopy (FESEM, SUPRA 55
SAPPHIRE, ZFISS, Germany) equipped with energy-dispersive X-ray
spectroscopy (EDS, Oxford Inca Energy 400, U.K.).



J. Zhang et al.

Surface & Coatings Technology 359 (2019) 62-72

L £ th (=) ~] =] o
= = =] (=1 =] = (=]
1 I L I 4 L

The recovery ratio of HGMs (%)

0.5

90 &
3
70 9
Y
o
50 .2
=
=
-30
z
s
- 10 2
=
1.5 2.5 3.5 45

The molar concentration of HF (mol/L)

Fig. 3. SEM images of HGMs roughened with different concentrations of HF at (a) 0.5 mol/L, (b) 1.5 mol/L, (c) 2.5 mol/L, (d) 3.5mol/L, (e) 4.5mol/L and (f) the
recovery ratio and broken ratio of HGMs roughened with different concentrations of HF.

3. Results and discussion
3.1. HF roughening

Fig. 3 shows the SEM images of HGMs roughened with different
concentrations of HF at (a) 0.5 mol/L, (b) 1.5 mol/L, (c) 2.5 mol/L, (d)
3.5mol/L, (e) 4.5mol/L and (f) the dependence of recovery ratio/
broken ratio on HF concentrations. At a low HF concentration of
0.5mol/L, the recovery ratio of microspheres is as high as almost
87.3%, and the broken ratio is only about 10%, with a preferred in-
tegrity (Fig. 3(a)). With increasing the HF concentration to 1.5 mol/L
and 2.5 mol/L, the recovery ratio of the microspheres decreases linearly
and the broken ratio increases rapidly, reaching 28% and 61%, re-
spectively. With the rising of the HF concentration further (3.5 mol/L
and 4.5 mol/L), the broken ratio reached close to 90%, and only very
few complete HGMs were observed in the SEM (Fig. 3(d) and (e)). Thus
the HGMs treated with 2.5mol/L HF were used for the following
treatments.

Fig. 4 shows the XRD patterns of HGMs treated at different steps of
(a) pristine SiO,, (b) roughening by HF, (c) activation by PdCl, and (d)
Ni plating. Although SiO, reacted with HF preferably, but the SiF,
product was in gas state which volatilized soon afterwards [30].

Si0, + 4HF — SiF, 1 + 2H,0 (5)

Therefore, no other phase peaks were identified except SiO, after
the roughening step by HF. It also can be noticed that the activation
step has no effects on the XRD patterns of HGMs because only a trace
amount of Pd nanoparticles were deposited. After the plating step, Ni
peaks were clearly identified, indicating that metallization was suc-
cessfully achieved on HGMs by electroless chemical plating reaction
[18]. However, as only a bit amount of Ni nanoparticles were located
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Fig. 4. XRD patterns of SiO treated at different steps of (a) Pristine SiO., (b)
roughening by HF, (c) activation by PdCl,, (d) Ni plating.

on the surface of HGMs (from Fig. 5), and the crystallinity was not so
high from the electroless chemical reaction, the Ni peaks were identi-
fied very weak in the XRD patterns.

The SEM images of HGMs treated at different steps were shown in
Fig. 5, (a) pristine HGMs, (b) roughening by HF, (c) activation by PdCl,,
(d) Ni plating. The experimental conditions were kept the same with
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Fig. 6. SEM images of Ni plated HGMs after immersing in 0.1 L NiSO4 solution with the weight of HGMs as (a) 0.5 g, (b) 1 g, (c) 1.5 g, (d) 2 g, HGMs were roughened

by HF (2.5 mol/L).

those of Fig. 4. The specific surface area and surface energy of HGMs
increased after the surface roughening process, for which the adsorp-
tion of the Pd nanoparticles activator to the HGMs was also enhanced.
After roughening and activation processes (Fig. 5(b) and (c)), some
pores were observed clearly, indicating the excessive roughening of
HGMs by HF. Therefore, some agglomeration of plated Ni nanoparticles
(Fig. 5(d)) was identified on the surface of HGMs, and some pores still
exist there without Ni plating. Furthermore, Fig. 6 shows the SEM
images of Ni plated HGMs after immersing in 0.1 L NiSO,4 solution with

66

the weight of HGMs as (a) 0.5g, (b) 1 g, (c) 1.5g, (d) 2g. Almost no
continuous and uniform Ni nanoparticles were dispersed on the surface
of HGMs at a low weight of 0.5g. With increasing the weight of im-
mersed HGMs to 1g, 1.5g and 2g, the amount of Ni nanoparticles
precipitated on the surface of HGMs decreased continuously, but still
agglomerated, and some pores were exposed. Due to the uneven
roughening by HF, the surface of HGMs with a different roughness
could not adsorb enough activated palladium particles after the acti-
vation step, and thus could not provide enough nucleation centers
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Fig. 8. SEM images of alkaline washed HGMs roughened with different concentrations of NaF and HCI at (a) 0.5 mol/L, (b) 1.5 mol/L, (c) 2.5 mol/L, (d) 3.5 mol/L,

(e) 4.5mol/L and (f) the recovery ratio and broken ratio of HGMs roughened with different concentrations of NaF.
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Fig. 9. XRD patterns of SiO, treated by different steps of (a) pristine SiO,, (b)
roughening by NaF + HCl, (c) alkaline washing by NaOH, (d) activation by
PdCl,, (e) Ni plating.

effectively for even Ni plating.

Based on the above experimental results, Fig. 7 presents the sche-
matic roughening mechanism by HF, together with the followed acti-
vation and Ni plating steps. As the reaction of HF with SiO, of HGMs
happened rapidly, serious damage as shown in Fig. 7 (b1, b2, b3) ap-
peared with holes and even broken fragments. In the activation process,
these pores and fragments would absorb more Pd nanoparticles than
roughened surface of HGMs. Therefore, the Ni nanoparticles would also
be deposited on these pores and fragments preferentially, resulting in
the poor uniformity of chemical plating.

3.2. NaF + HCI roughening

Fig. 8 shows the SEM images of HGMs roughened with different
concentrations of NaF at (a) 0.5 mol/L, (b) 1.5 mol/L, (¢) 2.5 mol/L, (d)
3.5mol/L, (e) 4.5mol/L and (f) the dependence of recovery ratio/

Surface & Coatings Technology 359 (2019) 62-72

broken ratio on NaF concentrations. At a low NaF concentration of
0.5 mol/L, the recovery ratio of microspheres is almost 91.3%, and the
broken ratio is only about 6%, with a preferred integrity (Fig. 8(a)).
With increasing the HF concentration to 2.5 mol/L, although the re-
covery ratio of the microspheres decreases linearly and the broken ratio
increases rapidly, reaching 68.5% and 34.3%, respectively. The further
increase of NaF concentration would cause the breakage degree of
HGMs was alleviated apparently compared to those treated by HF as
shown in Fig. 3.

Fig. 9 shows the XRD patterns of (a) HGMs and those treated by
different steps (b) roughening by NaF + HCI, (c) alkaline washing by
NaOH, (d) activation by PdCl,, and (e) Ni plating. After roughening by
NaF + HCl, the peaks indexed to Na,SiFs (JCPDS 33-1280) were
identified as shown in Fig. 9(b), quite different from the results by HF as
shown in Fig. 4(b), suggesting that SiO, reacted with NaF to form
water-insoluble Na,SiF¢ according to the Eq. (4).

SiO, + 6NaF + 4HCl — Na,SiF; | + 4NaCl + 2H,0 (6)

As shown in Fig. 9(c), however, the peaks of Na,SiFs disappeared
after alkali washing due to the reaction (5) of Na,SiFs with NaOH to
form water soluble Na,SiO5; and NaF [31].

Na,SiFs + 6NaOH — Na,SiO; + 6NaF + 3H,0 )

After surface activation and electroless chemical plating, the peaks
of Ni-phosphorus alloy appeared in the XRD spectrum of Fig. 9(e), in-
dicating that metallization was successfully achieved on the surface of
HGMs. Just like Fig. 4, the Ni peaks were also identified very weak due
to the low amount and low crystallinity of Ni nanoparticles.

The appearance and elimination of Na,SiF after the roughening
and alkali washing steps can also be verified from SEM observation in
Fig. 10 and EDX mapping in Fig. 11. The specific surface area and
surface energy of HGMs both increased after the surface roughening
process by HF or NaF, for which the adsorption of the Pd nanoparticles
activator to the HGMs was also enhanced. But after NaF roughening,
the surface of HGMs was covered by sediments of Na,SiF¢ according to
XRD patterns of Fig. 9 and the corresponding EDX mapping in Fig. 11.
Such Na,SiFg by-products reacted with NaOH to from water-dissolvable
NaSiO3; and NaF. The surface of HGMs was exposed without any ob-
vious pores or breakage. Such a modified roughening and followed
alkali washing method can thus not only avoid uneven surface rough-
ening, but also hinder the further damage of HGMs by covering Na,SiFg
sediments. Therefore, Ni was uniformly and successively distributed on

5

rRaﬁgh surface

2pm

Fig. 10. SEM images of SiO, from pretreatment and Ni plating (a) pristine HGMs, (b) roughened by NaF and HCI, (c) alkaline washed by NaOH, (d) activation by
PdCl,, (e) Ni plated by NiSO4 solution, (f) high magnification SEM images of (e).
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Fig. 12. (a) SEM image of HGMs roughened by NaF + HCI, (b) Si mapping, (c) O mapping, (d) Na mapping, (e) F mapping.

HMGs, which was validated from the SEM images (Fig. 10(d)) and EDX
mapping in Fig. 12. Furthermore, Fig. 13 shows the SEM images of Ni
plated HGMs after immersing in 0.1 L NiSO, solution with the weight of
HGMs as (a) 0.5g, (b) 1 g, (c) 1.5 g, (d) 2 g. Ni nanoparticles were found
to distribute much more uniformly on the surface of HGM than those in
Fig. 6, validating the benefits of the NaF roughening effects. In addition,
compared with the commercial product, our Ni-plated HGMs by NaF
roughening also have the obvious merits of low cost, low breakage and

69

uniform coverage of the metal nanoparticles on the surface of HGMs.
It should be noticed that the adhesion is an important factor to
determine the quality of the coating. Although a very exact value of the
adhesion was difficult to obtain due to the small diameter and large
specific surface area, the comparison is possible from the Ni-plated
images as shown in Fig. 6 and Fig. 11, which were conducted from the
HF and NaF roughening, respectively. Fig. 6 shows the Ni nanoparticles
were agglomerated and even some random ones were distributed not on
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Fig. 13. SEM images of Ni plated HGMs after immersing in 0.1 L NiSO4 solution. The weight of HGMs is (a) 0.5 g, (b) 1 g, (c) 1.5 g, (d) 2 g, HGMs were roughened by

NaF (2.5 mol/L).
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Fig. 14. The recovery ratio of HGMs which roughened with 2.5 mol/L NaF and

alkaline washed with different concentrations of NaOH at (a) 20 g/L, (b) 30 g/L,
(c) 40g/L.

the surface of HGMs. The distribution of Ni nanoparticles on HGMs was
relatively uniform in Fig. 11, also indicating a good adhesion of Ni
nanoparticles with HGMs, which could be attributed to the uniform
roughening of HGMs by NaF. On the other hand, in order to get a
uniform and complete Ni coating, a proper ratio of microspheres to
liquid as 1 g/0.1 L was obtained in the presents study. Simultaneously,
the thickness of the coating was measured to be 160-250 nm, on the
assumption of spherical Ni nanoparticles.

Fig. 14 shows the effect of NaOH concentration on the recovery
ratio of HGMs after NaOH washing of roughened HGMs by NaF at
2.5mol/L. At a high concentration of NaOH of 30 and 40 g/L, the al-
kali-washing time became much shorter and recovery ratio were almost
the same as about 70%, suggesting Na,SiFs could be dissolved

70
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Fig. 15. The recovery ratio of HGMs by roughening with different concentra-
tions of NaF at (a) 0.5mol/L; (b) 1.5mol/L, (c) 2.5mol/L, (d) 3.5mol/L, (e)
4.5mol/L.

completely in the NaOH solution. On the other hand, Fig. 15 shows the
recovery ratio after NaOH washing of roughened HGMs by NaF at 0.5 to
4.5 mol/L. Overall, the curves were observed to drop and become flat
soon, indicating the roughening reaction end time has a strong de-
pendence on the concentration of NaF. About 77% of the HGMs was
recovered after NaOH washing in the NaF solution of 1.5 mol/L. But the
recovery ratio decreased to 53.8% after NaOH washing of roughened
HGMs by NaF of 4.5 mol/L, because more Na,SiFs formed from the
reaction of SiO, with NaF were washed away by NaOH.

In order to further study the erosion behavior by acid roughening,
the proportion of NaF contributed to the generation SiF,4 and Na,SiF¢
was tested as shown in Fig. 16. It is clearly observed that 16% NaF
contributed to the formation of Na,SiFs when the concentration of NaF
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is as low as 0.5 mol/L, suggesting that the process of acid roughening is
basically similar with that by HF at 0.5 mol/L, with the only difference
of slower corrosion rate. With increasing the concentration of NaF to
2.5 and 4.5 mol/L, however, a much higher proportion NaF, 64% and
83%, contributed to the formation of Na,SiF, respectively. On the one
hand, it should be noticed that although uniform corrosion, the degree
of corrosion will deepen to make the shell of microspheres thinner and
easy breakage, which has been validated in the SEM observation of
Fig. 8(c) and (d).

Based on the above experimental results and analysis, a schematic
mechanism is given for the present modified roughening and electroless
chemical plating, as shown in Fig. 17. Firstly, NaF dissolves in HCIL
solution to release F ion to corrode HGMs by the reaction of NaF with
SiO, to form Na,SiFs, which would simultaneously cover the corroded
surface of HGMs to hinder further damage. Therefore, at an appropriate
NaF concentration, the corrosion reaction would like to cause the uni-
form roughening of HGMs as anticipated. The following NaOH washing
and the common Pd activation, would provide more uniform active
sites for the uniform and fine Ni plating as well. However, the excessive
NaF would also cause the serious damage of the HGMs just as verified in
Fig. 8 of this study, suggesting that experimental optimization is still
necessary to get uniform and perfect electroless chemical plating on
HGMs.

Reaction of etching :

Smooth
surface

Si0, + 4 NaF + 4 HCI = SiF, A+ 4 NaCl +2H,0

SiO, + 6 NaF + 4 HCI = Na,SiFy + 4 NaCl +2H,0

Pristine sphere

—_—

QO
.m

NaF

Reaction of alkali washing :

Na,SiF; + 6 NaOH = Na,SiO; + 6 NaF +3H,0

(a,) Corrosion start

Ni film

(c) Plating

(a:} Erosion transfer
(a) Roughening

(b) Activation
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Fig. 17. The schematic of roughening by NaF + HCI and Ni plating.
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4. Conclusions

A new NaF roughening and NaOH washing strategy instead of HF
was successfully applied in the present study to alleviate the damage
and breakage of HGMs. The XRD and SEM analysis indicated that NaF
roughened HGMs by reacting with SiO, to form Na,SiFe, which covered
the surface and protected HGMs from uneven roughening. However, a
high NaF concentration would also cause the serious damage of the
HGMs, suggesting that experimental optimization is still necessary. The
following NaOH washing was also found vital for uniform Ni plating
and recovery of the HGMs as well. After electroless plating, Ni nano-
particles as a shell were found to distribute much more uniformly and
tightly on the surface of HGM roughened by NaF than HF.
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