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Fabrication of thiol-capped Pd nanoparticles: An electrochemical method
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A simple electrochemical method is developed to prepare thiol-capped Pd nanoparticles on a Si
(100 surface by reducing Bd in solution in the presence of thiol molecules. The structure,
bonding, and electronic properties of the electrodeposited Pd nanopatti€lgs together with a

series of Pd model systems, were studied by electron microscope and x-ray absorption spectroscopy
at the S K-edge and the Pd k-edge. The thiol-capped electrodeposits are found to be metallic Pd
particles of a few nanometers, with local structures and electronic behavior considerably different
from the non-thiol-capped electrodeposits, but rather comparable to colloidal thiol-capped NPs.
© 2003 American Institute of Physic§DOI: 10.1063/1.1562334

In the past several years, metal nanoparti¢th8g sta-  Pd NPs of~2.4 nm synthesized by the colloidal methidd,
bilized by capping molecules, such as thiols, have receive€DPdS11; and3) commercially available palladium sulfide,
considerable attention due to their interesting optical andPdS (99.9%, Aldrich. Room-temperature x-ray absorption
electronic properties and potential applicatiddsMany ef-  experiments at the S K-edge and the Pd-edge were per-
forts have been dedicated to developing efficient routes téormed at the CSRF-DCM beamline at the Synchrotron Ra-
synthesize a variety of thiol-capped metal NPs such a3 Audiation Center(SRO), University of Wisconsin-Madison.
Pd; Ag,® Cu? Ir,” and so on. However, nearly all the meth- InSh(111) crystals were used to provide monochromatized x
ods that have been reported so far are based on the colloidalys with an energy resolutioB/AE of 4000 (~0.6 eV at
chemistry strategy, involving the reduction of the metal saltthe S K-edgg The monochromator was calibrated with Pd
with reducing agents such as NaBlnd “superhydride”  foil. The XANES spectra were background removed and
followed by capping with thiols. The electrodeposition normalized-?
method(often known as electroplatinghas been known for A dramatic difference between the deposits synthesized
a long time as a mild-conditioned, fast, and easily-controlledwith and without thiols is visibly apparent by inspection. The
route to reduce metal salt into elemental metals. This methoBDPd sample appears as a relatively rugged brown film on
has been successfully applied in recent years in the synthesise Si surface, while EDPdS11 appears as a uniform blue
of various metal nanostructures such as nanowiresfilm. The FESEM imagesFig. 1) further reveal their mor-
nanorods, and nanoparticle¥. Here, we report a simple phological difference. As seen in Figs(al and 1b), par-
electrochemical route to the synthesis of thiol-capped Pdicles of several tens of nanometers with a large size distri-
NPs on a silicon surface: In the presence of thiol,"Pidom bution are seen in the EDPd film. However, Figéc)land
PANQ; in methanol is electroreduced on the surface of a(d) reveal that the EDPAS11 film consists of particles of a
silicon wafer into metallic Pd, which is then capped by thefew nanometers. This observation immediately indicates that
thiols. The existence of the thiol-capped Pd NPs was conthe presence of thiol additives not only reduces the size of
firmed by field-emission scanning electron microscopythe electrochemically produced Pd, but significantly im-
(FESEM and x-ray absorption near-edge structt¢ANES)
at the S K-edge and Pd;L-edge. From the XANES results,
the correlation between the electronic behavior and local
structure of the nanodeposits emerges.

The synthesis was conducted in a nitrogen-protected,
two-electrode cell, where a HF-refresheattype S{100
(~5-10Q cm™ 1) was used as the working electrode and a Pt
foil as the counter. By applying a negative constant current
(0.5 mA/cn?) for 3 min, Pd* from a 10 3-M PdNO; solu-
tion was reduced into Pd metal in the presence of a1
dodecanethiol solutiorfin methanol. The sample, hence-
forth denoted EDPdS11, was then rinsed with methanol for
several times before being dried in the air. A series of rel-
evant Pd samples were also studied for comparison. They
are: (1) electrodeposited Pd in the absence of thigame
current density, PdNQconcentration, and deposition dura-

tion as that for EDPdS)]denoted EDPd(2) thiol-capped FIG. 1. FESEM images ofa), (b) Pd particleSEDPd electrodeposited in

the absence of thiols arid), (d) Pd particleSEDPdS11] electrodeposited in

the presence of thiols. The images were taken using a Hitachi S-4500
3E|ectronic mail: sham@uwo.ca FESEM operated at 5.0 kV.
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FIG. 2. The sulfur K-edge XANES spectra of thiol-capped electrodeposited

Pd NPs(EDPdS11, thiol-capped colloidal Pd NREDPdS1] together with - . .
free thiols(RSH) and PdS. For the free thiols, HOOC—-(9Qk,—SH mol- Pd foil in Fig. 3, EDPdS11 XANES shows a noticeable

ecules(solid, Aldrich) were used instead of dodecanethigiguid) for the broadening and damping in all the resonance peaks, indicat-
convenience of XANES measurement in a vacuum system. ing a large static disorder resulting from reduced outer shell
backscattering amplitud€Pd-Pd in the thiol-capped NPs

: . ; .and the presence of Pd—S contribution. This is in agreement
roves the uniformity of th i well. Cl xami- . . .
proves the uniformity of the deposits as well. Close exa ith the observation in Fig. 1, in that there are fewer outer

nation of the FESEM images reveals that in the absence ot . )
thiol, the electrochemical procedure produces large Pd pars—he"S. on average in nanoparticles. .
' Figure 4 shows the threshold region of thg-édge

ticles covering less than half the substrate surfégg: 1(a)]. XANES of the Pd samples. The sharp resonance just above
In the presence of thiol, however, almost all the surface are . L . ; )
. . e threshold is called the white line and is associated with

of the Si substrate is covered by very closely packed P d d " he | hed-hol h
nanoparticle$Fig. 1(c)]. Thus, the presence of thiols inhibits 2pzz10-4d transition (the larger thed-hole count, the
the furth tH fth' Pd ' lei itinal in the f " more intense the white lineThe intensity of the white line is

fe ur ”er grovvl '?[h te nuc f" rteSl]f ing In the ormla 'olr;}:)roportional to the unoccupied densities of states of the Pd
of smaller nuciel thatl aggregate 1o form a more Closelyy ,ahq above the Fermi levEi.From Fig. 4, several inter-

packed nanoparticle film. esting observations are noted. First, theddge absorption

dF(i:gI]DuFr)((ajSZShows tEe S _Kr;e(:]ge ﬁ?NESh.Ofl thedEFI?dPSdS_I_lhlthreshold of EDPdS11 shifts by 0.7 eV to higher energy rela-
an » together with that of free thiol and PdS. The; e 1, the pq foil and EDPd, both of which are nearly iden-

re*sonance at_ Fhe thr.eshold of the .RSH an_q PdS is 1S'tcffcal. Second, there is a considerable increase in the white-
o -type transitior(projected unoccupiepl densities of states line intensity of EDPdS11 and CDPdS11 relative to the Pd
of S characterassociated with S—C and S—Pd interaction,foiI It should be noted that the jtedge XANES of

respectively. The resonance peaks a and b of EDPAS11 aggypy511 is almost the same as that of CDPAS11. They are
comparable to those of CDPdS11, both significantly differen}nuch less intense than that of PdS, a nominallfliPdom-

frqm that of free thiol, which shows only a S—C peak. Peakpound. Finally, in the post edge region, EDPdS11 shows a
a in the two NP samples are comparable to the S—Pd resgzo,q structure that is comparable to that of PdS in energy
nance of PdS. They are attributed to the S—Pd bond. Peak fgition. The enhanced whiteline of EDPAS11 relative to
is attributed to the S—C resonance, which is shifted to highepc pqthe foil) indicates al-charge depletion at the Pd site
energy relative to that of the free thiol due to the formation;, the NPs. This is also in agreement with the shift of its

of sulfur—metal bong. A similar peak has been observed inhsorption threshold. Sincal4harge screens the core better
thiol-capped Au NP$3 A closer inspection of the XANES of than 5 or 5p, a d—sp rehybridization would yield a posi-
EDPdS11 and CDPdS11 reveals that both peaks of EDPdS11

are narrower than those of CDPdS11, and that while peak a
of Pd-S resonance shifts to slightly higher energy, peak b of
the S—C resonance shifts to lower energy. These differences
are indicative of the slightly different local structure between
the palladium—sulfur interaction on the corresponding NP
surface. This can be associated with a slightly shorter Pd—S
bond in CDPdS11 in terms of multiple-scattering
consideration$? It is conceivable that stronger Pd—S inter-
action takes place on the surface of the smaller colloidal NPs
(~2.4 nm, pushing the S—C resonance to higher energy
above the thresholth shorter Pd—S bond 0
Figure 3 shows the Pd jl,-edge XANES above the
threshold of the two deposits and a Pd foil. The similar os- 3160 3170 3180 3190
cillating patterns in the j-edge region, that is, peaks ¢ and d, Photon energy (eV)
are the eXtendﬁ_d x-ray absorption fine structure signature g 4 xanes spectra near the Pd-kdge white-line regicn of PdS,
fcc metaliic Pd>> Compared with the XANES of EDPd and CDPdS11, EDPAS11, EDPd, and Pd foil.
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