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Abstract This work is focused on electroless coating of

Ni–B nanolayer on B4C particle surfaces. The B4C parti-

cles used are approximately 2 lm in average size. Effects

of activation agent PdCl2, complexing agent C2H8N2, and

reducing agent NaBH4 addition rate are studied. The solids

loading of B4C is 0.625 g/L and the concentration of Ni2+

ions is 0.004 mol/L in the electroless coating solution.

Scanning electron microscopy (SEM) shows that when

B4C:Pd2+ molar ratio is 1:0.005, a Ni–B nanolayer with the

smallest Ni–B nodule size covers the B4C particle surfaces.

Complexing agent C2H8N2 decreases Ni2+ ion release rate.

Ni:C2H8N2 ratio of 1:6 is the preferred complexing agent

amount for achieving a continuous Ni–B nanolayer. The

Ni–B nanolayer formation is also strongly dependent on

the rate that Ni2+ ions are reduced. Slow Ni2+ reduction

leads to increased Ni content in the Ni–B nanolayer. When

the above three factors are combined at the optimal values

for the electroless coating process, well-defined Ni–B

nanolayer is obtained. SEM cross section analysis shows

the Ni–B nanolayer completely covers the B4C particles

with less than 55 nm thickness.

Introduction

B4C is the third hardest material known (hardness 2,900–

3,900 kg/mm2), ranking after diamond (8,000–8,500 kg/

mm2) and cubic boron nitride (4,500–4,600 kg/mm2) [1].

Besides the hardness, its unique properties, such as good

chemical resistance, low density (2.52 g/cm3), and neutron

absorption properties, make B4C an important material in

different applications. B4C can be used for dressing dia-

mond tools, hot-pressed shot blast nozzles, ceramic tooling

dies, and armors [2, 3]. B4C is also used as an absorbent for

neutron radiation in nuclear power plants in the form of

shielding, control rod, and shut down pellets [4]. In spite of

these very attractive properties, achieving high-density B4C

components has been a challenge. B4C particles are extre-

mely hard and do not deform under typical compaction

pressure. Also, B4C is difficult to sinter because of the low

boron and carbon diffusion mobility resulting from covalent

bonding. If a metallic layer can be incorporated into the B4C

system, it should greatly facilitate the re-arrangement of the

B4C particles during compaction and the diffusion of the

B4C species during sintering. When the metallic layer is

controlled at a very low amount and distributed homoge-

neously around the B4C particles, mechanical property

degradation should be avoided and new functionalities such

as electrical conductivity and magnetism can possibly be

introduced.

Several methods have been used to produce surface layer

on particles, such as solution coating [5, 6], micelle-assisted

coating [7], and heterocoagulation coating [8, 9]. However,

these methods are exclusively developed for oxide or semi-

conductor type coating. Electroless coating presents as one

of the few options coating thin metallic layer onto particles.

The method is an autocatalytic reduction process of metallic

ions onto surfaces in aqueous solutions with no electric

current or voltage requirement. It has the advantage of

coating the metallic layer uniformly on the surface of par-

ticles instead of producing a simple mixture of the two

compositions. An electroless coating bath typically contains

metal salt, reducing agent, complexing agent, and stabilizer.
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Since no current is used, the reaction rate can be controlled

and adjusted more easily. The process is traditionally used

to coat metallic layers onto substrates [10–14]. In recent

years, it is being increasingly used to coat metallic layers

onto particles, fibers, or even tubes. For example, nickel was

coated onto carbon fibers, but the coating was thick and

rough and the process substantially increased carbon fiber

diameters [15]. Palladium was coated onto carbon nano-

tubes but was in particle format to ‘decorate’ the carbon

nanotubes [16]. For nickel–phosphorous electroless coating

onto carbon nanotubes, similar nanoparticle morphol-

ogy was observed [17]. Nickel was also coated onto SiC

particles by electroless coating, but the coating morphol-

ogy was not discussed [18]. When Ni–B layer was

coated onto WC and VC powders [19], continuous Ni-rich

layer was obtained, but the coated particles severely

agglomerated.

With continuing interest in designing and modifying

particle surfaces for processing and performance improve-

ment, electroless coating process needs to be re-examined,

especially on the coating morphology and composition. In

our prior work [20], electroless coating of Ni–B nanolayer

onto B4C particles was studied. The Ni–B nanolayer by

definition means full coverage of B4C particle surfaces with

a less than 100 nm thickness layer. Using NiSO4 as a Ni2+

source, SnCl2 as a sensitizing agent, PdCl2 as an activation

agent, and NaBH4 as a reducing agent, Ni–B nanolayers of

different thicknesses were successfully coated onto B4C

particles. The Ni–B nanolayer thickness can be adjusted by

Ni2+:B4C molar ratio. With the Ni–B nanolayer thickness

increase, Ni–B nodules appear in-between the mesh-like,

seemingly porous Ni–B nanolayer structures and the nodule

size grows with the nanolayer thickness. Energy dispersive

spectroscopy (EDS) and X-ray photoelectron spectroscopy

(XPS) results show the presence of oxygen in the Ni–B

nanolayer as Ni2O3 and B2O3. Ni:B ratio in the Ni–B

nanolayer decreases with the layer thickness. Fundamental

Ni–B electroless coating processes and morphological

changes on the B4C particle surfaces with different layer

thickness have also been analyzed.

Based on the knowledge obtained from the previous

study [20], this work is focused on understanding the

effects of activation agent PdCl2, complexing agent

C2H8N2, and reducing agent NaBH4 addition rate on the

Ni–B nanolayer morphology and composition. The optimal

condition for each factor is evaluated to obtain uniform and

continuous Ni–B nanolayer. Under the optimal electroless

coating conditions for all the three factors, scanning elec-

tron microscopy (SEM) cross section analysis is conducted

to analyze the Ni–B nanolayer morphology and thickness.

It has been observed that the Ni–B nanolayer completely

covers every B4C particle surface and the Ni–B nanolayer

composition can be varied.

Experimental procedure

Figure 1 shows the size distribution of the B4C particles

used (H. C. Starck, Inc., Newton, MA). There were three

runs for the particle size distribution analysis. The particles

have 8.3 m2/g specific surface area (Quantachrome ASIC

VP7 Surface Area Analyzer, Boynton Beach, FL) and

2.27 lm average particle size (Horiba, LA-950, Irvine,

CA). The particle size distribution is volume based. D10,

D50, and D90 are 0.92, 2.15, and 4.67 lm, respectively.

Figure 2 is the SEM image of the B4C particles used in this

study.

Before the electroless coating process was carried out,

the B4C particles were sensitized using SnCl2 and activated

using PdCl2. The surface sensitization was carried out by

adding B4C particles into SnCl2 � 2H2O ([98%, Fisher Sci-

entific, Fair Lawn, NJ) and HCl (36–38%, EMD, Gibbstown,

NJ) solution (0.07 M SnCl2 � 2H2O, 40 mL/L HCl). The

suspension was sonicated for 10 min at room temperature. The

Sn2+ sensitized B4C particles were thoroughly washed and
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Fig. 1 Size distribution of B4C particles used in this study

Fig. 2 SEM image of B4C particles used in this study
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transferred to a PdCl2 ([99%, Fisher Scientific, Fair Lawn, NJ)

and HCl solution (0.0042 M PdCl2, 40 mL/L HCl) for acti-

vation. After sonication for another 10 min in the activating

solution, the activated B4C particles were again thoroughly

washed with de-ionized water and then introduced into the

electroless coating bath. NiSO4 � 6H2O (99.0%, Fisher Sci-

entific, Fair Lawn, NJ) was used as the Ni2+ source at

0.004 mol/L concentration. Ni2+ was complexed to avoid

Ni(OH)2 formation and the complexing agent used in this work

was ethylenediamine (C2H8N2, Fisher Scientific, Fair Lawn,

NJ). The solids loading of B4C in the electroless coating

solution was 0.625 g/L. The Ni:B4C molar ratio was 0.3354.

Reducing agent NaBH4 (Fisher Scientific, Fair Lawn, NJ) was

introduced into the complexed Ni2+ solution. The electroless

coating was carried out at 85 ± 2�C. The electroless coating

time was 30 min and mechanical stirring was provided by

plastic stirring blades. The pH value of the coating bath was

adjusted with NaOH (Fisher Scientific, Fair Lawn, NJ) to 12–

14. The electroless coating process was then carried out by

adding NaBH4 into the electroless coating bath. Since the

reduction time was short and NaBH4 decomposition was not a

problem, no stabilizer was used in this study. The chemical

compositions and the electroless coating conditions are listed

in Table 1.

A field emission SEM equipped with an EDS (LEO

1550, Carl Zeiss MicroImaging, Inc., Thornwood, NY) was

used to characterize the surface morphology of the Ni–B

nanolayers. XPS (Perkin Elmer 5400, Minneapolis, MN)

was employed to characterize the composition of the Ni–B

nanolayers. A dual beam focused ion beam microscope

(FIB) (Helios NanoLab, FEI Co., Hillsboro, OR) was used

to cross-section the Ni–B coated B4C particles for the

nanolayer thickness and morphology analyses. Both SEM

and FIB samples were prepared as follows. Dry B4C or

Ni–B nanolayer coated B4C particles were attached onto

one side of a double-sided conductive carbon tape, while

the other side of the tape was attached onto a SEM sample

holder. An air duster was used to spray off any particles

loosely attached to the carbon tape. Before the sample was

put into the SEM or FIB chamber, the attached particles

were coated with 10 nm gold using a sputter coater

(208HR, Cressington Scientific Instruments Ltd., Watford,

England) to ensure the conductivity of the samples. The

as-is B4C particles and the Ni–B nanolayer coated B4C

particles were directly imaged by SEM. Also, the Ni–B

nanolayer coated B4C particles were cross-sectioned by the

FIB. The Ni–B nanolayer thickness was measured from the

cross section images of the B4C particles using the

dimensional measurement feature on the FIB. The imaging

resolution was 1.5 nm.

Results and discussion

Activation agent effect

According to the mechanism analysis of the Ni–B nano-

layer formation in our prior work [20], Pd2+ oxidizes Sn2+

to Sn4+ and converts itself into Pd0 on the B4C surfaces

during the activation step. Pd0 atoms act as catalytic cen-

ters in the initial stage of the electroless coating of the B4C

particle surfaces. The reduced Ni species then acts as the

autocatalytic centers for further Ni2+ reduction. Based on

the atomic radius of Pd0 and the specific surface area of

B4C particles, each Pd0 atom will cover about 10-19 m2

surface area of B4C particles. For a monolayer Pd0 surface

coverage on B4C particles, this corresponds to B4C:Pd2+

molar ratio of 1:0.01. Our prior work of 1:0.04 B4C:Pd2+

ratio indicated that Pd2+ is excessive, consistent with the

study by Brandow et al. [21]. To evaluate the B4C:Pd2+

ratio effect on the Ni–B nanolayer morphology, B4C:Pd2+

molar ratios of 1:0.04, 1:0.01, 1:0.005, and 1:0.001 were

studied at Ni:C2H8N2 ratio of 1:6 and NaHB4 addition rate

of 10 drops/min.

Figure 3 shows the SEM images of the as-is B4C par-

ticle surface and the surface of the B4C particles coated

with Ni–B nanolayers using different amounts of PdCl2 for

B4C particle surface activation. When the B4C:Pd2+ molar

ratio is 1:0.04 (four times of Pd0 needed for monolayer

coverage on the B4C surfaces), rough coating layer with

large Ni–B nodules (bright spots) is observed. When the

B4C:Pd2+ ratio is decreased to 1:0.01 (Pd0 monolayer

coverage on the B4C surfaces), coating roughness remains

almost the same. Mesh-like and porous nanostructures

among the Ni–B nodules can be observed. This means high

PdCl2 amount can over activate the B4C particle surfaces

and cause the Ni–B nanolayer to grow too fast. Since ideal

monolayer Pd0 packing on the B4C surfaces is unlikely,

Table 1 Chemical

compositions of electroless

coating bath

Ni:B4C

(molar ratio)

B4C:Sn2+

(molar ratio)

Ni:NaBH4

(molar ratio)

B4C:Pd2+

(molar ratio)

Ni:C2H8N2

(molar ratio)

NaBH4

addition rate

0.3354 01:0.7 1:1 1:0.04 1:4.5 All in one time

1:0.01 1:6 10 drops/min

1:0.005 1:9 1 drop/min

1:0.001
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some Pd0 atoms may exist as clusters at certain locations.

As a result, the Ni–B nodules quickly form at the Pd0

cluster locations and act as the initiation sites for nodule

growth. If the electroless coating process continues under

such condition, particles will form on the to-be-coated

surfaces, as seen in other studies [15–18]. When the

B4C:Pd2+ molar ratio is decreased to 1:0.005, Ni–B coating

with much smaller Ni–B nodules is obtained. This means

fewer activation sites on the B4C particles are more con-

ducive for the Ni–B nanolayer formation while suppressing

excessive Ni–B nodule growth. For the studied B4C par-

ticles, the Pd0 concentration on the particles should be half

of the Pd0 monolayer surface coverage. With further

B4C:Pd2+ molar ratio decrease to 1:0.001, the Ni–B

nanolayer becomes rough again and the size of the Ni–B

nodules increases, even though much smaller than those of

the first two B4C:Pd2+ ratios. This surface roughening is

likely because the Pd0 activated sites are too far apart

(under-activated), the diffusion distances needed for the

newly reduced Ni and B species to reach the growing

nanolayer edge are too long. When the newly reduced Ni

and B species continuously deposit on the Ni–B nanolayer

itself at proximate locations, Ni–B nodules form but in

a more mesh-like morphology than that formed under

Fig. 3 SEM images of initial

B4C particle surface and Ni–B

nanolayers on B4C particles

obtained under different molar

ratios of B4C:Pd2+: (a) initial

B4C particle surface, (b) 1:0.04

B4C:Pd2+ molar ratio, (c) 1:0.01

B4C:Pd2+ molar ratio, (d)

1:0.005 B4C:Pd2+ molar ratio,

and (e) 1:0.001 B4C:Pd2+ molar

ratio
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over-activated conditions. As shown in Fig. 3d, the under-

activated B4C particle surface shows rough but more

homogeneous Ni–B nanolayer; B4C:Pd2+ ratio of 1:0.005

shows to be the optimal activation condition.

The Ni–B nanolayer morphologies obtained using dif-

ferent amounts of activation agent PdCl2 show that there is

an optimal Pd0 surface concentration to achieve desired

nanolayer and avoid particle formation on the coating

surface. Pd0 concentration affects the Ni–B nanolayer

growth initiation sites, the Ni–B deposition rate, and sub-

sequently the Ni–B nanolayer morphology. When too

much PdCl2 is used for B4C surface activation, Ni and B

species attach to the B4C surfaces at a high rate. However,

the nanolayer growth mode requires that the Ni and B

species diffuse to the growing layer edge. Since some Ni

and B species do not have enough time to diffuse long

distance and attach to the growing layer edge before the

arrival of more reduced species, these newly reduced

species will deposit on top of the prior Ni–B deposit layer.

This leads to localized nodule growth. When too little

PdCl2 is used for B4C particle surface activation, the dif-

fusion distance to the growing nanolayer edge is too long

and the reduced species will deposit ‘middle-way,’ again

forming rougher Ni–B nanolayers, as seen in Fig. 3.

It should be pointed out that Fig. 3 only reveals the

Ni–B nanolayer morphology. The Ni–B nanolayer com-

position serves as another important aspect in evaluating

the effect of the activation agent PdCl2 amount. Figure 4

shows the XPS spectra of the original B4C particles and the

Ni–B nanolayer coated B4C particles obtained with dif-

ferent amounts of activation agent PdCl2. For all B4C:Pd2+

molar ratios, B–O bond peak dominates the XPS spectra.

As discussed before [20], B2O3 forms during the Ni–B

nanolayer formation process. The existence of the B–O

bond peak means that the B4C particles are mostly covered

with the Ni–B nanolayer. The difference among the spectra

is mainly on B–C bond peak. When the B4C:Pd2+ ratio is

1:0.005, the intensity of the B–C bond peak is the lowest;

very weak B–C bond peak from the B4C particle surfaces is

detected. This means B4C:Pd2+ ratio of 1:0.005 offers the

best Ni–B nanolayer surface coverage of the B4C particles.

At the other three B4C:Pd2+ ratios, the Ni–B nanolayer

surface coverage of the B4C particles is less defined. The

B–C bond peak can be easily detected, likely due to the

uneven Ni–B nanolayer morphology on the B4C particle

surfaces, with some locations being thinner and some

locations being thicker than the XPS detection depth. Even

though the porosity of the Ni–B nanolayer cannot be

measured, the rough appearance of the Ni–B nanolayers are

consistent with the XPS results, indicating that B4C:Pd2+

ratio of 1:0.005 offers Ni–B nanolayer of more uniform

thickness and is the optimal PdCl2 content for the B4C

particle surface activation.

Complexing agent effect

Ni2+ ions in aqueous solution do not stay as free ions.

Instead, they are bound to a specific number of water

molecules in the form of [Ni(H2O)x]
2+ (x = 1–6). To avoid

Ni(OH)2 formation under alkaline condition, Ni2+ ions

must be complexed with a stronger complexing agent than

water before being exposed to high pH conditions during

the electroless coating process. In this study, the com-

plexing agent is C2H8N2 and it plays three functions:

preventing the pH of the solution from decreasing too fast,

preventing the precipitation of Ni(OH)2, and reducing the

concentration of free Ni2+ ions. As shown in the structural

Eq. 1, two of the six water molecules initially complexed

with Ni2+ ions can be replaced by one C2H8N2 molecule,

forming type I nickel complex. Likewise, two or three

C2H8N2 molecules can complex with Ni2+ ions when four

or six water molecules are replaced, forming type II and

type III nickel complexes. The extent of complexing can be

observed from the solution color change from blue to

bright purple when C2H8N2 is added. The most stable

complex product is type III nickel complex and the theo-

retical molar ratio of Ni2+:C2H8N2 is 1:3. However, our

experiments have shown that Ni2+:C2H8N2 ratio of 1:3

cannot stabilize Ni2+ ions. Ni(OH)2 precipitate forms at pH

12–14 conditions. More C2H8N2 than the above ratio is

needed. In this work, Ni2+:C2H8N2 molar ratios of 1:4.5,

1:6, and 1:9 are studied to evaluate the effect of the com-

plexing agent C2H8N2. The B4C:Pd2+ ratio is 0.04 and the

NaBH4 addition rate is 10 drops/min.
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As shown in Fig. 5, when Ni2+:C2H8N2 ratio is 1:4.5,

mesh-like layer covers the B4C particle surfaces and Ni–B

nodules can be observed (brighter spots). When Ni2+:C2H8N2

ratio is 1:6, the mesh-like morphology of the Ni–B nano-

layer on the B4C particle surfaces diminishes to more even

surface, still with Ni–B nodules. When Ni2+:C2H8N2 ratio

is 1:9, the B4C particle surface is smooth and the sharp

edges of the B4C particles can be observed. This means

increased Ni2+ ion stability and gradual Ni2+ ion release

due to stronger complexing from C2H8N2 are beneficial for

more uniform Ni–B nanolayer formation. However, when

Ni2+ is complexed too strongly to C2H8N2, Ni2+ release

into the electroless coating solution is substantially hin-

dered and the Ni–B nanolayer formation rate becomes very

slow (Fig. 5c), even though the chemical ratios of the

electroless coating reactions remain the same.

Figure 6 shows the XPS spectra of the Ni–B coated B4C

particles with different Ni:C2H8N2 ratios. When Ni2+:

C2H8N2 ratio is 1:4.5, Ni–Ni, Ni–O, B–O, and B–C bond

peaks are all observed. This means the Ni–B nanolayer is

present but not uniform on the B4C particle surfaces. Some

areas have thin Ni–B nanolayer thickness and the photo-

electrons from the B4C particles are detected. When

Ni2+:C2H8N2 ratio is 1:6, all the peaks are still present but

Fig. 5 SEM images of B4C

particles coated with Ni–B

nanolayers from different

Ni:C2H8N2 ratios: (a) 1:4.5, (b)

1:6, and (c) 1:9
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with Ni–B nanolayers using different C2H8N2 amounts
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the B–C bond peak is very low. This means the Ni–B

nanolayer coverage on the B4C particles is much improved.

When Ni2+:C2H8N2 ratio is 1:9, however, strong B–C bond

peak re-appears, similar to that of pure B4C, while the Ni–

Ni and Ni–O bond peaks are less defined. Combined with

Fig. 5, this means the Ni–B nanolayer is too thin at

Ni2+:C2H8N2 ratio of 1:9 and the XPS analysis detects the

B–C bonds from the B4C particles. Overall, modest

Ni2+:C2H8N2 ratio facilitates the formation of the Ni–B

nanolayer on the B4C particle surfaces. Very low

Ni2+:C2H8N2 ratio (excessive complexing agent) lowers the

Ni2+ release rate to the electroless coating bath and results in

very thin Ni–B nanolayer. Even though it is difficult to form

stable Ni2+ complexes with low amount of complexing

agent C2H8N2, too much C2H8N2 is also undesirable since

it adversely affects Ni2+ availability for the Ni–B nanolayer

formation. A balance needs to be achieved between the

Ni–B nanolayer morphology and thickness. It is most

desirable that the nanolayer have uniform thickness and

homogeneous structure. Ni2+:C2H8N2 ratio of 1:6 is pre-

ferred in this work when both SEM and XPS results are

considered.

Reduction rate effect

During the electroless coating process, reducing agent

NaBH4 reduces Ni2+ ions in Ni(C2H8N2)x
2+ to Ni. The Ni–B

nanolayer formation is strongly dependent on the rate that

Ni2+ can be reduced. Figure 7 shows the SEM images

of the Ni–B coated B4C particles with different NaBH4

addition rate. The B4C:Pd2+ ratio is 1:0.04 and the

Ni:C2H8N2 ratio is 1:6. When NaBH4 is added into the

electroless coating bath at one time, the Ni–B layer forms

quickly and causes agglomeration of the B4C particles

(Fig. 7a). Multiple B4C particles are encapsulated into a

flaky cluster but some of the B4C particle surfaces inside

the cluster are not coated with the Ni–B nanolayer [22].

When the NaBH4 addition rate is decreased to 10 drops/

min (Fig. 7b), better defined Ni–B layer forms on the B4C

particle surfaces and the flaky morphology disappears.

When the NaBH4 addition rate is further reduced to 1 drop/

min (Fig. 7c), thin and more uniform Ni–B layer with some

bright nodules is observed.

Figure 8 shows the XPS spectra of the Ni–B coated B4C

particles with different NaBH4 addition rate. When NaBH4

is added at one time, the B–O bond peak dominates the

XPS spectrum with a small B–C bond peak. This means the

B4C particle surfaces are mostly covered with the Ni–B

nanolayer but some locations might have a very thin Ni–B

layer. When NaBH4 is added at 10 drops/min, the intensity

of the B–O bond peak increases and that of the B–C bond

peak slightly decreases. This means slower NaBH4 addi-

tion rate is beneficial for improving the Ni–B nanolayer

surface coverage on B4C particles; more Ni and B are

reduced and deposited on the B4C particle surfaces. When

NaBH4 is added at 1 drop/min, the B–O bond peak is still

present but the B–C bond peak dominates the XPS spectra.

This is likely because the Ni–B nanolayer is too thin and

the photo-electrons from the B4C particles are detected, as

reflected by the smooth surface shown in Fig. 7c.

Fig. 7 SEM images of Ni–B

nanolayers on B4C particles

obtained with different NaBH4

addition rates: (a) all at one

time, (b) 10 drops/min, and (c)

1 drop/min
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The effect of NaBH4 addition rate can be further

understood from the fundamentals of the electroless coat-

ing process. During the electroless coating, the following

reactions occur [23]:

4Ni2þ þ BH�4 þ 8OH� ! 4Niþ BO�2 þ 6H2O ð2Þ

BH�4 þ 4H2O! B(OH)�4 þ 4H2 " ð3Þ

When the reducing agent NaBH4 is added at a fast rate,

BH�4 is temporarily excessive. In addition to reaction with

Ni2+, BH�4 can be oxidized to B(OH)�4 , which can convert

to B2O3 according to the following reactions:

BðOHÞ�4 ! B(OH)3 þ OH� ð4Þ

2B(OH)3 ! B2O3 þ 3H2O ð5Þ

If this is the case, then the Ni–B nanolayer composition

should change with the NaBH4 addition rate, which

directly influences the availability of BH�4 on the B4C

particle surfaces. With faster NaBH4 addition rate, BH�4
species can be converted to B2O3 and the Ni content in the

nanolayer should be low. To confirm such prediction,

quantitative analysis of apparent B:Ni ratio in the Ni–B

nanolayer was conducted. The percent of the peak area for

a given bond in a given XPS spectra can be calculated

based on:

X ¼
Ix

SxTx

Pn

1

Ii

SiTi

� 100 ð6Þ

n: number of XPS bond peaks examined, which is deter-

mined by the number and type of interested species. Si:

sensitivity factor, which is a constant for each chosen

species. Ti: acquisition time per data point for a given

species. Ii: XPS bond peak intensity of species i, which is

calculated based on the peak height and area after back-

ground subtraction. The background is determined by

drawing a straight line between the two endpoints of the

XPS bond peak to be analyzed. At each data point the value

of the background curve is subtracted from the value of the

XPS spectrum curve. By comparing the percentage X of

different interested species, a relative atomic ratio is

obtained.

The results in Fig. 9 from quantitative XPS analysis

indicate that indeed the Ni–B nanolayer composition varies

with the NaBH4 addition rate. When NaBH4 is added at one

time, the B:Ni ratio (only the B in the Ni–B nanolayer) is

0.314. When NaBH4 is added at 10 drops/min, the B:Ni

ratio is 0.240. When NaBH4 is added at 1 drop/min, the

B:Ni ratio is 0.237. To obtain uniform and continuous Ni–B

nanolayer on the B4C particles, NaBH4 addition rate needs

to be optimized with the consideration of the B:Ni ratio in

the Ni–B nanolayer. In this study, very slow NaBH4 addi-

tion rate (1 drop/min) does not affect the B–Ni ratio in the

Ni–B nanolayer to an observable degree in comparison to

the NaBH4 addition rate of 10 drops/min as shown in

Fig. 9. This means NaBH4 addition rate of 10 drops/min

does not create excessive BH4
- ions. Also, NaBH4 addition

rate of 1 drop/min is too slow to be practical. In this and

future studies, NaBH4 addition rate of 10 drops/min is used.

Optimized Ni–B nanolayer

Based on the results obtained from activation agent PdCl2,

complexing agent C2H8N2, and reducing agent NaBH4

addition rate, the respective optimal condition for each

factor is: B4C:Pd2+ molar ratio at 1:0.005, Ni:C2H8N2 ratio

All at one time 10 drops/min 1 drop/min
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Fig. 9 Effect of NaBH4 addition rate on apparent B:Ni atomic ratio

in the Ni–B nanolayer
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Fig. 8 XPS spectra of as-is B4C particles and Ni–B nanolayer coated

B4C particles with different NaBH4 addition rates
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at 1:6, and NaBH4 addition rate at 10 drops/min. As a

combinational step of obtaining optimal Ni–B nanolayer on

B4C particle surfaces, electroless coating process is carried

out under the conditions optimized individually for each

factor. Figure 10 shows the Ni–B nanolayer obtained at

low and high magnifications. In comparison to the pre-

ferred nanolayer morphology under separate conditions

(Figs. 3d, 5b, and 7b), Fig. 10 shows full Ni–B nanolayer

coverage on every B4C particles and the nanolayer has the

fewest number of Ni–B nodules and the least obvious mesh

structures.

Figure 11 shows the cross section SEM image of the

B4C particles with optimized Ni–B nanolayer coating. The

bright Ni–B nanolayers uniformly distribute around all the

darker color B4C particle surfaces as shown at the bottom

half of the image. The top half of the image shows a single

B4C particle with full coverage of the Ni–B nanolayer. The

Ni–B nanolayer thickness is less than 55 nm as measured

by the field emission electron beam from the focused ion

beam microscope. The thicker locations are believed to

originate from the Ni–B nodules in the Ni–B nanolayer.

The thin locations are likely contributed by the porous

locations of the nanolayer. As seen in Fig. 11, some loca-

tions might be as thin as single nanometers. This explains

why B4C particles can be detected during the XPS study.

From these observations, it shows that the critical aspect

in obtaining uniform and well-defined Ni–B nanolayer is

controlling the nanolayer formation kinetics. For the

studied B4C particles, the Ni–B nanolayer surface is not

ideally smooth but shows drastic improvement in com-

parison to the particle morphology reported in many

studies. Also, the less than 55 nm thickness Ni–B coating is

a substantial improvement from the much thicker coating

that has been reported [24, 25]. The small B4C particles

attached onto the micron size B4C particle surfaces (Fig. 2)

could also have contributed to the less than ideal nanolayer

morphology. This new particle surface modification capa-

bility is expected to make important contributions to

improving the processability and performances of B4C-

based materials.

Conclusions

Ni–B nanolayers are coated onto B4C particles by elec-

troless coating with different amounts of activation agent

PdCl2 and complexing agent C2H8N2, and different

reducing agent NaBH4 addition rates. SEM and XPS results

Fig. 10 SEM micrograph of Ni–B nanolayer on B4C particles with

all three conditions at the optimal values: (a) low magnification, (b)

high magnification

Fig. 11 Cross section SEM micrograph of Ni–B nanolayer coated

B4C particles under the preferred conditions for the three factors

studied
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show that when B4C:Pd2+ ratio is 1:0.005, the nanolayer

covers the B4C particle surfaces with the least roughness.

Complexing agent C2H8N2 improves the Ni–B nanolayer

morphology but lowers its growth rate. When Ni2+:C2H8N2

ratio is 1:6, continuous mesh-like nanolayer covers the B4C

particle surfaces. The Ni–B nanolayer formation is also

dependent on the rate that Ni2+ is reduced. Reducing agent

NaBH4 addition rate affects the Ni–B nanolayer thickness

and composition. Additional electroless coating study is

carried out under the preferred conditions for the above

three factors to demonstrate the nanolayer formation

capabilities on the B4C particle surfaces.
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