520 Chem. Mater2007,19, 520-525

Tailoring Conducting Polymer Chemistry for the Chemical
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We report chemical deposition of metal particles and clusters with various sizes and morphologies on
top of the polyaniline (PANI) thin films and porous asymmetry membranes. Immersing the PANI
membrane into the Pt@&I gives rise to 3-5 nm Pt nanoparticles spread evenly on the membrane surface,
while immersing undoped PANI membrane into AgN@queous solution leads to the formation of
micrometer size Ag sheets with strong anisotropy. In contrast to the Ag deposited on the undoped PANI
membrane, Ag metal deposited on the doped PANI membrane has a random morphology and shows no
preferential growth along a specific crystallographic direction. The Au metal deposited on the undoped
and doped PANI membranes exhibit morphological differences from a sheetlike structure to larger particles
comprised of smaller Au particulates (rice-grain shape). Furthermore, by varying the nature of the dopant,
we can achieve deposition of metal structures with fiber, sheet, cube, yarn-ball, and leaf-like morphologies.
Our studies demonstrate that tunable metal size and morphology can be easily achieved through tailoring
the surface chemistry of conducting polymer by varying the dopant, oxidation state (doped and undoped),
and polymer chain orientation. Our future goal is to further enhance the control over metal structure and
morphology using a simple chemical deposition method.

Introduction Furthermore, they showed that the high surface contact with
the polymeric emitter also results in lower turn-on voltage
%nd higher quantum efficiendy.Many of these devices
involve understanding and controlling the electron transfer
at the interface between conjugated polymer and metal
electrodes. Therefore, better understanding the interfacial
phenomena between conducting polymers and metals re-
mains an area of interest for fabricating efficient devices.

Besides the application in fabricating electronic and optical

In the past few decades, there has been an increasin
interest in using conducting polymers to fabricate electronic
and optical devices such as light-emitting didefeand
molecular electronicd? Polyaniline (PANI), being one of
the most commonly used conducting polymers due to its
facile synthesis, lower price tag, and environmental stability,
has been extensively studied for its use as electromagneti

shielding=" and anticorrosion coatirfg!! The redox poten- _ . L :
g g P devices, PANI films have shown potential in chemical

tial accompanying the color change makes it an ideal k .
separations. For example, Anderson et al. used PANI thin

candidate for making electrochromic devices. An earlier > i o
study by Gustafsson et al. demonstrates that highly conduc-ﬂlms to generate concentrated gases via a molecular sieving

tive PANI thin films can be used as transparent electrodes Mechanisnt***The efficacy of generating concentrated gases

for fabrication of flexible light-emitting diodes (LEDS).
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(e.g., water and methandhln this paper, we show that these
porous membranes are a great material for chemical deposi
tion of metal particles and clusters on their surfaces.

PANI possesses secondary amines and tertiary imines ing
the backbone structure that can bind metal ions; these metall
ions can be released by immersing ion-bound PANI into a
low pH solution. The ability of binding metal ions and
subsequent liberation makes PANI an attractive material for
environmental remediation. In the cases where metal ions
have a reduction potential higher than that of the PANI, the Figure 1. SEM micrographs of a cross section of a porous asymmetric

. membrane (left) and a thermally cured dense film (right).
bound metal ions can be reduced to form zerovalent metals.

Therefore, it was long recognized that PANI can be used | Teflon vial. Then 0.31 g of heptamethylenimine (HPMI, 98%
for electrodeless precipitation of metals from a metal ion acros) was added to it. The vial was sealed with a Teflon cap and
solution!® Kang and colleagues showed reduction and keptin an oven at 66C for 5 min. Then 1.00 g of EB powder was
precipitation of gold from acid solution using conducting added to the vial. The solution was slowly stirred with a
polymers!® Huang et al. demonstrated metallization of homogenizer and then ramped up to 5000 rpm for 25 min. The
printed-circuit boards using polyanilirié. Although the EB/HPMI molar ratio was 1:1 (the moles of EB are calculated based
electrodeless deposition of metals using conducting polymeron the tetrameric repeat unit). The resulting E_B solqtion was poured
have been demonstratadyderstanding and controlling the onto a glass plate and spread pnto a wet fllm using a gardener’s
growth of metal structure on conducting polymer surfaces Plade (Pompano Beach, FL) with a preset thickness. The porous

. . membranes were prepared by immersing and holding the wet films
are still lacking In our laboratory, we recently demonstrated

thesis of tal ticl . ducti | in the water bath for more than 24 h. The resulting membrane was
synthesis of metal nanoparticles using conaucting polymer v, ., grieq under vacuum at room temperature for 12 h before any

colloids?'??> These as-synthesized metal nanoparticles Cang,psequent processing. The PANI dense films were prepared by
either spread throughout the solution or be embedded in thepjacing the wet films into a 66C oven overnight to allow solvent
conducting polymer colloids to form a novel composite evaporation and the thermally cured dense films were then placed
material?? In the process of reducing metal ions to form into a water bath for 24 h to remove the residue solvent. These
metal nanoparticles, the oxidation state of PANI changes PANI substrates were then immersed in a 0.1 M aqueous acid
from emeraldine base form to a more oxidized pernigraniline solution for~24 h followed by immersion into metal-ion solutions
base form Therefore, PANI serves the role of an electron for time periods ranging from several minutes to 24 h depending
donor. Here, we show chemical deposition and characteriza-°" the rate of react_ion. One hundred millimolar metal-ion solutions
tion of metals and metal particles and clusters on the PANI were prepared using e_ls-purchased AGNBUC;, and KPICl
surfaces. Our results show various metal structures, sizesy\"thoUt further purification. )
and morphologies as we alter PANI's redox states and The structure pf the doped I_DANI_membranes_ and d_eposned
dopants. In addition, we show that preferential deposition MEtIS were studied by X-ray diffraction (XRD) with a Siemens
of Ag coincides with the direction of stretched aligned PANI D5000 four-circle diffractometer with Cu & radiation ¢ =

blv d | ducti ial. Pref . I0.15418 nm). Normal—26 scans were performed on these samples
presumably due to lower reduction potential. Preferential 1, jetermine their crystallographic orientation. SEM micrographs

deposition of metals on a conductive substrate provides auf metals on the PANI membrane surfaces were taken using a JEOL
new way to pattern metal structures for device fabrication. g300FxVv SEM and FEI Quanta 400 FEG ESEM.

Materials Results and Discussion

Polyaniline emeraldine bgse (EB) powde_r was obtained from Using PANI porous membranes for chemical deposition
Neste Oy.N-Methyl-2-pyrrolidone (99% Aldrich), heptamethyl- ) ¢ the advantage of lower density as compared to that of
imi 0, 0, 1 0,
enimine (98% Acros), AgN@(gg.’LA’ Aldrich), Au.cb (99.9% the thermally cured dense films. The structure and mechan-
Aldrich), and KPtCl, (99.9% Aldrich) were used without further . .
purification. ical properties of PANI membranes have been well-
characterized using a wide range of spectroscopic and

Fabrication of Porous Asymmetric Membranes and Dense . ic techni d d to fabricate hiah
Films. Fabrication of PANI porous asymmetric membranes is microscopic techniques and were used fo tabricate high-

achieved by employing the phase inversion method using water asperformance, monolithic actuatdﬂsz.ei’z“Flgure 1 shows clear

the coagulation bath. In a typical procedure, 3.70 g of NMP (99% Contrast between the PANI dense film and porous membrane.

Aldrich, dried by a 4 A molecular sieve) was placed into a 12.0 The lower density allows diffusion of metal ions between
PANI chains and hence facilitation of the nucleation process.
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Figure 2. SEM micrographs and X-ray diffraction of Ag on the undoped
PANI (top) and HCI-doped (bottom) PANI surfaces.
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Figure 3. SEM micrographs of Au deposition on the undoped (a) and the
doped (b) PANI membranes surfaces. (c) and (d) are the magnified SEM

potential cross-linking between PANI cha#t€éWe believe micrographs of (a) and (b), respectively.

this is one of the reasons that we observe the differences in
metal morphologies grown from the thermally cured dense
films and the porous membranes. Deposition of metals on
top of PANI surfaces is simply achieved by immersing the

prefabricated PANI membranes or thermally cured dense
films into a metal ion aqueous solution with ion concentra-

tions ranging from 0.01 to 1.0 M. The time period for the

metal growth ranges from several seconds to several hourg
depending on the experimental conditions such as temper-
ature and metal ion concentration. The membranes are |eftB

in the solution until the metal deposition is visually observed Figure 4. SEM micrograph (left) and the X-ray diffraction (right) of Pt
on the membrane surfaces nanoparticles deposited on the undoped PANI membrane. Inset shows that

the larger Pt cluster consists of an ensemble of smaller nanoparticles (scale
Figures 2a and b show the SEM images of the evenly bar 100 nm).

distributed Ag metal grown on top of the undoped and doped of these Ag sheets on the undoped PANI surface clearly
PANI membranes and the morphological differences betweenghows (111) and (222) preferential orientation since (200),
the two are obvious. Figure 2a shows very thin Ag sheets (220), and (311) peaks are barely above the background
spread evenly on top of the PANI membrane surface. Highersignal. The above results suggest that Ag sheets on the
surface coverage of Ag sheets on the undoped PANI yndoped PANI surface preferentially grow along the [111]
membrane suggests favorable interaction between Ag andgjrection. We show in this study deposition of Ag metal with
the undoped PANI. Furthermore, most of the silver sheets yitferent structures and morphologies can be achieved by
have an estimated thickness of less than a few nanometersgimply varying the doping state of the PANI membrane.
appearing as transparent during high-voltage SEM imaging. Following the same procedures, we perform chemical
In contrast to the Ag sheets on the undoped PANI membrane,deposition of Au metal on the PANI membrane surface (see
Ag on the HCI-doped membrane has a random morphology. Figyre 3). In this study, we observe mostly Au sheets along
Silver sheets with thickness 620 nm and large glob_ular with some scattered nanoparticlesL00 nm) on the undoped
Ag particulates occupy the membrane surface with ap- pAN| membrane. High surface coverage indicates favorable
proximately equal distribution. The SEM image also reveals jnteraction between Au sheets and undoped PANI, resem-
less surface coverage of Ag on the doped PANI membrane.b"ng the Ag deposition on the undoped PANI. Deposition
The presence of silver is further confirmed by the XRD 4t Ay on the doped PANI membrane exhibits a uniform
spectra, clearly identifying the five silver peaks, as shown morphology with evenly dispersed Au particulates on the
in Figures 2c and 2d. In addlyon to the. difference in  membrane surface. The magnified SEM image (Figure 3d)
morphology, XRD spectra also |nd|cat§ anisotropy of Ag reveals submicrometer-size Au particulates that are in fact
on the undoped membrane surface (Figure 2c). XRD scanconglomerates of smaller Au nanoparticles with a rice-grain
morphology. The size of these conglomerates is determined
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1468-74. due to its higher reduction potential compared to that of the
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Figure 5. SEM micrographs of Ag on PANI surfaces doped with various acids. Inset shows the magnified Ag cubes on a phosphoric acid-doped PANI
surface.

HCI Mandelic acid Citric acid

20 um

p-Toluene sulfonic acid

50 um 50 um

Figure 6. SEM micrographs of Ag on the surfaces of thermally cured PANI dense films doped with various acids.

PANI.22 Deposited Pt metal on the undoped PANI membrane orientations but also reveals a very broad full-width at half-
surface appears as a layer of Pt nanoparticles along with somenaximum from each diffraction peak. The particle size
large Pt clusters with an estimated size distribution from calculated based on the extra breadth or broadening due to
~100 to 300 nm (see Figure 4). Close examination of these the particle-size effect alone from X-ray diffraction lines is
large clusters (inset of Figure 4) indicates that they are ~5 nm, which agrees well with the high-resolution SEM
conglomerates of an ensemble of much smaller Pt nanopar+esults. One may argue that the XRD peaks of these larger
ticles. Although we cannot clearly determine the exact Pt clusters may have been overwhelmed by the much smaller
dimension and size distribution of these nanopatrticles, high- nanoparticles. Our previous study indicates that larger
resolution SEM indicates that most of these nanopatrticles particles often dominate the overall XRD spectrum as they
are less than 10 nm. This result is further confirmed by the show a much sharper peak with high inteng#tyhese broad
XRD spectrum of a Pt-coated PANI membrane, which not XRD peaks suggest that the larger Pt cluster is indeed made
only shows diffraction peaks from different crystallographic up of many Pt nanoparticles. The above result also implies,
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growth, allowing the formation of larger metal structufés.
In a heterogeneous system, where metal ions are reduced
on a membrane surface, the growth mechanism may differ
from the homogeneous systems. The size of metal nuclei is
likely to be dominated by the difference in reduction potential
between metal ions and the PARlland by the surface
properties of the substrates. The morphological difference
corresponding to various dopants may be influenced by the
surface energy of the membrane (manifested by the water
contact angles) which can be tuned by the nature of the
dopants and the redox states of the PANI membtane.
™ _ OO Morphological differences could also be due to the
Figure 7. SEM micrograph of homogeneously dispersed Ag particles differgnce in ?OmpOSitiqn and strugture (lattice space)
degposited on the unst?et(?hed PANI f?lm (left) ycom[lt))ared to ?hart)t of Ag reSUltmg from |ncorporat|qg dopants into the PANI mem-
deposition preferentially along the stretched direction (right). Arrow shows brane. For example, the incorporated dopants change the
stretched direction. interchain spacing, which could favor the growth of metal
o ) ) along a specific direction if the lattice parameters match the
for the first time, Pt nanoparticles can be made simply by interchain distance. Unfortunately, the XRD spectra of the
immersing PANI porous membrane into a RfClaqueous  ghove doped membranes and Ag deposited on the membrane
solution. We speculate that the very small difference in gyrfaces do not provide conclusive evidence in revealing the
reduction potential £0.05 V) between PANI and Ptgr hypothesized mechanism. As of now, how the growth
may have resulted in slower nucleation rate, which then leads echanism relates to the dopant-dependent morphology
to the formation of smaller nanoparticles. remains unknown. Our results reveal a minor effect of metal
In an attempt to better understand how the nature of ion concentration on the final structure and morphology of
dopants impacts the final structure and morphology of metal metals deposited on the PANI surfaces. Prolonged exposure
on the PANI membranes, we doped six pieces of PANI of PANI membrane to the metal ion solution does not change
membranes (cut from one larger piece) with HCEPIQy, the morphology; it only slightly increases the density of metal
CRCOOH, citric acid, mandelic acid, amadCHz;CgHsSO;H. deposited on the membrane surface. The above results
These membranes were then immersed into 0.01 M AgNO suggest that the metal deposition on the membrane surface
solution. The resulting Ag metal exhibits completely different is dominated by a thermodynamic process, i.e., the energy
morphologies, as illustrated in Figure 5. Ag grown on a HCI- required to reduce the metal ions to form metal.
doped PANI membrane surface has a random morphology, For the sake of comparison, we have grown metals on
while Ag deposited on citric acid-doped PANI membrane the thermally cured dense films. The metals grown on the
exhibits a yarn-ball morphology. Note that, upon close thermally cured dense film exhibits less variation in their
examination, it is apparent that this hemispheric yarn ball is morphologies (see Figure 6). In general, the Ag growth on
not comprised of Ag nanowires, but rather it consists of top of the PANI dense films doped with six different acids
close-packed silver sheets with a thickness~d5 nm, exhibits large structures, greater than a few microns, with
similar to that of the Ag grown on a mandelic acid-doped random morphology. The only exception is the mandelic
membrane surface. Ag nanowires of 20 nm in diameter are acid-doped PANI film which grows large Ag platelets with
observed on thep-toluenesulfonic acid-doped membrane a thickness of~20 um. Another interesting observation is
surface. Ag grown on the trifluoroacetic acid-doped mem- that all of the acid-doped PANI films exhibit growth of
brane has a leaf-like morphology. Finally, the Ag deposited nanocubes with the dimensions ranging from 60 to 200 nm,
on the phosphoric acid-doped membrane looks like sugarsimilar to that of the Ag nanocubes grown on top of the
cubes with characteristic dimension of 200 nm. All the above phosphoric acid-doped PANI membrane. Most of these
Ag metals were carefully characterized and identified using nanocubes are very small and a large number of them on
X-ray diffraction and energy dispersive X-ray analysis the PANI surfaces make these films appear cloudy.
(results not shown here). The five peaks in X-ray diffraction  Another level of control over the metal growth can be
spectra assigned as (111), (200), (220), (311), and (222) ar&ealized by using the stretched PANI films (4 times its
pOSitively identified to ensure the metal partiCIeS depOSited 0rigina| |ength) The contrast between Ag deposited on the
on the PANI membrane surface are indeed Ag rather thanstretched and unstretched PANI films is clearly shown in
Ag salt. The above results demonstrate the potential of Figure 7. We observe a preferential deposition of Ag on the
controlling the size and morphology of metal particles by pANI surface coinciding with the stretched direction. In
varying the nature of the dopant. contrast, the unstretched film exhibits homogeneous Ag
Metal deposition on the membrane surfaces through deposition throughout the PANI surface. This preferential
reduction requires electron transfer from PANI to metal ions. Ag deposition is likely due to lower reduction potential of
As the metal ions approach the PANI surfaces, they are the stretched oriented PANI. The stretched (extended) PANI
reduced by PANI and form nuclei. In a homogeneous system, chain conformation leads to the formation of crystalline
where metal ions and reducing agent are dispersed in
solution, the metal nuclei serve as catalytic sites for surface (27) watzky, M.; Finke, RChem. Mater1997, 9 (12), 3083-95.




Chemical Deposition of Metal Particles and Clusters

regions with lower reduction potential and higher conductiv-
ity than that of the unstretched paftss?

Conclusion

We have demonstrated ways for controlling the formation
of metals on reductive PANI surfaces by tailoring their
surface chemistry and redox potentials. A wide range of Ag
morphologies induced by different dopants, ranging from
fiber, sheet, cube, to hemispheric yarn ball, have been
observed. The sizes of these deposited metal structures rang
from a few nanometers to several micrometers while the
metal ion concentration and the exposure time do not impact
the metal morphology, suggesting that the metal growth is
largely governed by a thermodynamic mechanism. This
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hypothesis is consistent with observed results that reveal a
small difference in reduction potential betweerf"Pand
PANI, leading to the growth of monodispersed 5 nm Pt
nanoparticles spread evenly on top of the PANI surface. In
addition, we demonstrate a method for preferential deposition
of Ag on the stretched aligned PANI thin film. Facile
synthesis of metal particles and clusters on reductive substrate
surfaces have great potential in highly efficient catalytic
surfaces and in low-cost devices associated with high
2ensitivity detection using SERS.
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