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Pd nanoparticles chemically synthesized by respective reducing 

agents were evaluated in the  hypophosphite oxidation reaction  

for initiating electroless Ni deposition. The P co-deposited Pd 

nanoparticles exhibited competitively high specific activitiy as 

conventional Pd nanoparticles synthesized by tin (II) chloride 

while having superior mass activity and simplicity in the 

deposition process.   

 Electroless deposition, being the reduction of metal ions by 

electrons charged not from an external power source but from 

reducing agents co-existing in the solution, has been employed 

as an advanced metallization technology for thin film
1-3

 

(atomic layer to sub-milimeter range), nano-structure 

fabrication
4,5

, modifying micro/nano-structures
6,7

 and even 

substrate patterning
8
.  Advances on electroless Ni deposition 

are of great interest due to its wide application
9,10

. The 

fundamental electroless deposition process steps are; (1) a 

solid substrate is functionalized with Pd nanoparticles which 

work as the catalyst for the oxidation of hypophosphite, and 

(2) the substrate is dipped into the solution containing metal 

ions (example Ni ions) and reducing agent (example 

hypophosphite is popularly used). In step (2), hypophosphite is 

oxidised initially on the Pd nanoparticles and discharges 

electrons which are received by Ni ion to deposit as Ni metal. 

Once Ni is deposited, the Ni deposition proceeds continuously 

as the Ni metal surface itself works as a catalyst for the 

oxidation of hypophosphite.  

 The Pd catalyst deposited at step (1) is a cost barrier to the 

widespread use of the electroless deposition process because 

the Pd market price is considerably high and step (1) needs 

multiple chemical-wasting procedures. SnCl2 has been 

traditionally used as the reducing agent to yield Pd 

nanoparticles (here, let Pd-Sn denote the Pd nanoparticle 

catalyst synthesized by SnCl2). Pd-Sn nanoparticles deposited 

on a solid surface substrate by stepwise dipping of the 

substrate into PdCl2 and SnCl2 solutions sequentially, is a 

conventionally used catalyst for initiating electroless Ni 

depositon
11,12

. However, the stability of the SnCl2 solution is 

poor due to chemical reactions which may occur such as 

hydrolysis or Sn (II) and Sn (IV) complex formation
13,14

, 

resulting in a large volume of waste or extra expenses in tin 

recovery
15,16

. Furthermore, the Pd-Sn catalyst needs 

‘acceleration treatment’, where the Pd-Sn deposited substrate 

is dipped in an acid or alkaline solution to remove tin oxide, an 

unreactive composition in Pd-Sn, and expose more Pd reactive 

sites for hypophosphite oxidation
17

. The acceleration 

treatment is expensive as the acceleration solution needs to 

be frequently monitored so that renewal of solution can be 

performed immediately to ensure the consistency in the 

acceleration treatment. In addition, not only tin oxide but also 

some amount of Pd are removed and lost in the process.  

Hence, alternative procedures are needed to deposit Pd 

nanoparticles which may be more stable and simple (without 

any acceleration treatment) while having as high catalytic 

activity as Pd-Sn.  

  In the present work, the catalytic activities of Pd 

nanoparticle electrocatalysts synthesized by different reducing 

agents were investigated to seek replacement of SnCl2 while 

achieving as high an activity as the Pd nanoparticles 

synthesized by SnCl2. These synthesized Pd nanoparticles do 

not require the acceleration treatment for enhancing their 

catalytic activity.  

 The Pd nanoparticle electrocatalysts were synthesized on a 

glassy carbon (GC) electrode with the respective reducing 

agents – sodium hypophosphite for Pd-P, hydrazine hydrate 

for Pd-N2H4 or SnCl2 (See Experimental details in ESI†)
18

. Field 

emission scanning electron microscopy (FESEM, JEOL JSM-

7600F) and transmission electron microscopy (TEM, JEOL JEM-

2010 microscope operated at 200 kV) were used to observe 

the synthesized Pd nanoparticles. Cyclic voltammetry (CV) and 
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induction time (time interval from the beginning of electrode 

dipping into the solution to the beginning of the metal 

deposition
19

) experiments were performed to evaluate the 

catalytic performance in oxidizing hypophosphite.  

 The synthesized Pd-P nanoparticles are well dispersed with 

a combination of small (~5 nm) and large (~50 nm) 

nanoparticles (Fig. 1A). The electron diffraction pattern (Fig. S5 

ESI†) is relatively halo indicating the Pd nanoparticles are 

partially amorphous or disordered microstructures, which 

should be due to the phosphorus co-deposited into the 

nanoparticles
20,21

 (Fig. S4 ESI†). For Pd-N2H4 (Fig. 1B), the 

nanoparticles are also well dispersed and the electron 

diffraction pattern shows clear Debye-Scherrer rings indicating 

that the Pd-N2H4 nanoparticles are crystalline. On the other 

hand, Pd-Sn nanoparticles after acceleration, Pd-Sn/AA (Fig. 

1C) are small but they are prone to coagulation. From the SEM 

image, the Pd-Sn nanoparticles are found to be concealed 

under some materials and the EDS result (Fig. S3 ESI†) suggests 

that these materials are tin/tin-complexes. Further 

investigation with XRD (Fig. S4 ESI†) shows that Ln oxide 

complexes are still present after acceleration treatment. 

Hence, the above observations imply that the acceleration 

treatment could not completely remove the tin oxide 

complexes, leaving part of the Pd-Sn nanoparticles unexposed. 

Note that longer acceleration treatment might be able to 

remove the tin oxide complex further but results in the loss of 

Pd-Sn catalyst as well
22

. The electron diffraction pattern shows 

that Pd-Sn/AA nanoparticles are crystalline which is in 

agreement with the result of Osaka and Nagasaka
23

. 

 CV of the Pd-P electrocatalyst was conducted and shown in 

Fig. 2. The presence of hypophosphite in solution significantly 

changes the shape of the CVs. In the presence of 

hypophosphite, the CV shows a slight hump (P1) at 

approximately -0.20 V vs. Ag/AgCl followed by a broad peak 

(P2) at approximately 0.04 V while the backward scan shows 

an anodic peak (P3) at	-0.23 V (Fig. S1, ESI† shows CV for bare 

GC where no peak and negligible current were observed). The 

result indicates that P1, P2 and P3 correspond to the oxidation 

of hypophosphite in the solution. According to literature
24,25

, 

P1 is attributed to hypophosphite oxidation in the solution 

while P2 correspond to the simultaneous reaction of 

hypophosphite oxidation and palladium ionization. The CV 

without NaH2PO2 (blue) shows that the current output from 

palladium ionization is negligible, so the current output of P2 is 

likely to be a contribution of hypophosphite oxidation only. P3 

is observed in the reverse scan at very negative potentials due 

to the high catalytic activity of palladium and the irreversibility 

of the hypophosphite oxidation
24,26

. The specific and mass 

activities of the electrocatalysts were calculated from the peak 

current of the respective P2 peaks.  

 The CVs for Pd-Sn before and after the acceleration 

treatment in the absence of hypophosphite are shown in Fig. 

S2 (ESI†). The acceleration treatment exposes Pd reactive sites 

for hypophosphite oxidation as the PdO reduction peak can be 

observed only after the treatment. According to Osaka and 

Nagasaka
23

, the acceleration treatment removes the stannous 

and stannic oxides and hydroxides on the surface and exposes 

the bare active Pd nuclei. This was verified by XRD of Pd-Sn 

before and after the acceleration treatment (Fig. S3 ESI†) as 

the Pd peak can be seen only after acceleration treatment.  

 The CVs in the presence of hypophosphite with various 

electrocatalysts that were normalized by electrochemical 

active surface area (ECSA, see ESI†) and Pd loads are shown in 

Fig. 3 shows the specific and mass activities for the oxidation 

of hypophosphite. In Fig. 3A, the specific activity for Pd-Sn 

before acceleration was not included as the ECSA of Pd 

nanoparticles was not computable with the negligible PdO 

reduction peak (shown in Fig. S2 ESI†). The average peak 

specific activity of Pd-P, Pd-N2H4 and Pd-Sn/AA are	23.8, 13.8 

and 34.8 mA cm
-2

 respectively. Pd-Sn/AA electrocatalyst 

exhibited higher specific activity compared to Pd-N2H4 

indicates that the bimetallic interaction by having Sn 

incorporating into Pd has a positive effect on the catalytic 

Fig. 2 Cyclic voltammograms of Pd-P in the solutions with (A) and 

without (B) NaH
2
PO

2
. Scan rate 50 mV s

-1

. The inset is an 

enlarged scale of (B). CV of Pd-P in solution with NaH
2
PO

2
 (Fig. 

2A) shows the 3 broad peaks which is absence in the CV without 

NaH
2
PO

2
 (Fig. 2B). The measured currents are normalised by 

geometric area of electrode. 

Fig. 1 SEM images of (A) Pd-P, (B) Pd-N
2
H

4
 and (C) Pd-Sn/AA.  
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properties. This is in agreement with other studies showing 

that bimetallic catalysts work better than mono-metal 

catalysts
27,28

. The Pd-P electrocatalyst has higher specific 

activity compared to Pd-N2H4; this may be associated to the 

electronic effect between Pd and P when small amount of 

phosphorus (verified EDX in Fig. S4 ESI†) was doped in the Pd 

lattice
29-31

. Another contributing factor could be due to the 

partially amorphous or disordered microstructure of Pd-P. 

Lower degree of crystallinity is likely to have more abundant 

defects, kinks and edges resulting in more low coordination 

sites. These low coordination sites are proven to have higher 

catalytic activity
18,32

. 

 The mass activities, the current normalized by the load of 

the precious metal (Pd in this study), of Pd-P, Pd-N2H4 and Pd-

Sn electrocatalysts were compared as shown in Fig. 3B. The 

average peak mass activity of Pd-P, Pd-N2H4, Pd-Sn/BA and Pd-

Sn/AA are	38.7, 10.5, 1.3 and 14.5 µA mg
-1

 respectively. Pd-P 

electrocatalyst has remarkably higher mass activity compared 

to others. Pd-Sn electrocatalyst exhibited low mass activity 

possibly due to the surface having significant amount of 

reactive sites blocked by tin oxides (not removed by the 

acceleration treatment) overlay (shown in XRD Fig. S3 ESI†) 

and subsequently resulted in poor adsorption of H2PO2
-
 on the 

Pd nanoparticles. This means that much of the Pd-Sn 

nanoparticles were embedded (wasted) under the tin oxide 

complexes and not participating in the oxidation process, 

causing the substantially poor mass activity. The mass activity 

for Pd-Sn/AA was noticeably higher compared to Pd-Sn/BA due 

to the increase in Pd-Sn nanoparticles exposed after tin oxides 

removal. Even with significant removal of tin oxides layer, Pd-

Sn/AA still has considerably low mass activity due to 

coagulation of nanoparticles and the un-removed tin oxides 

which blocks the reactive sites for hypophosphite oxidation. It 

was observed that Pd-P exhibited substantially higher mass 

activity compared to Pd-N2H4. This is probably due to the 

considerably higher loading of smaller nanoparticles (~5 nm) in 

Pd-P than Pd-N2H4 shown in the inset of Fig. 1. This implies 

that Pd-P nanoparticles have more reactive sites for H2PO2
-
 

oxidation and therefore significantly enhanced the oxidising 

capability compared to Pd-N2H4. Furthermore, Pd-P and Pd-

Sn/AA showing superior mass activity compared to Pd-N2H4 

can be possibly contributed by the substantially higher specific 

activity as in Fig. 3A. Thus, the specific and mass activity 

showed that Pd-P electrocatalyst has competitive activity and 

higher cost-effectivity when compared with Pd-Sn/AA 

electrocatalyst.  

 The open-circuit potential (OCP) measurements of the Pd 

electrocatalysts when immersed in the nickel bath solution at 

60 
o
C

33,34
 are shown in Fig. 4. The induction period is defined 

as the time needed for the OCP to reach the mixed potential 

(Emp) where steady-state deposition commerce, based on 

Paunovic’s study on electroless copper deposition
19

. The 

electrocatalysts are considered active for electroless nickel 

deposition if their OCP reaches Emp
35

, thus the time taken to 

establish Emp signify the catalytic activity of the 

electrocatalysts
34

. From Fig. 4, the Emp is estimated to be 

around -0.94 V vs Ag/AgCl. Pd-Sn/AA (4.3 s) and Pd-P (4.5 s) 

have the lowest induction time compared to Pd-Sn/BA (10.4) 

and Pd-N2H4 (16.3 s), showing that the activity in 

hypophosphite oxidation is in the order of Pd-Sn/AA ≈ Pd-P > 

Pd-N2H4
34

. The OCP result is in agreement with the specific and 

mass activity result indicating that Pd-N2H4 has the worst 

performance among the three electrocatalysts
34

 and 

acceleration improved the catalytic activity for Pd-Sn. Both 

Fig. 4 Open circuit potentials of Pd electrocatalysts deposited 

electrodes as immersed in a Ni electroless deposition bath (pH 

9) at 60 
o

C. The sampling rate is 10 pts s
-1

. Pd-P and Pd-Sn show 

the shortest induction time to reach steady-state mixed 

potential (black dashed line), followed Pd-N
2
H

4
.  

Fig. 3 Cyclic voltammograms of various Pd nanoparticle 

electrocatalysts in solution (pH 9) with NaH
2
PO

2
 normalized by 

(A) electrochemically active surface area (specific activity) and 

(B) Pd load (mass activity). Scan rate is 50 mV s
-1

. Pd-Sn exhibits 

the highest specific activities while Pd-P mass activities for the 

anodic (forward) polarisation sweep among all electrocatalysts.  
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results showed that Pd-Sn/AA and Pd-P electrocatalysts have 

comparable activity, but because of the tin oxides layer 

blocking reactive sites coagulation of Pd-Sn nanoparticles, Pd-

Sn/AA has lower cost-effectiveness (lower mass activity) than 

Pd-P. Possibly, with some improved deposition method or 

acceleration treatment in achieving monolayers of the Pd-Sn 

electrocatalyst, Pd-Sn nanoparticles may result in enhanced 

cost-effectiveness. However, St. John et al. showed that the 

extension of the acceleration treatment led to loss of noble 

metal on the electrode surface from their attempt to 

accomplish further removal of the tin oxides
22

. On the other 

hand, it is noted that Pd-P exhibits competitive specific activity 

and the highest mass activity, and it also does not require any 

acceleration treatment unlike Pd-Sn which makes the 

deposition process simpler and less expensive. This makes Pd-

P a more preferable electrocatalyst compared to Pd-Sn.  

 In conclusion, Pd nanoparticle electrocatalysts synthesized 

by different reducing agents were evaluated for their catalytic 

activity for hypophosphite oxidation. Pd-P has higher cost-

effectiveness compared to Pd-Sn and Pd-N2H4. Moreover, Pd-P 

does not require the acceleration treatment unlike Pd-Sn. 

Overall, Pd-P is a potential candidate to substitute Pd-Sn in the 

electroless deposition process.  
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