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Introduction
The development of practical strategies for the assembly of

semiconductorand metal colloid nanoperticlesinto orderedarchitecturesis an
mea of considerable current interest, since it offers en opportunity for
exploiting the optical and electronic properties of these colloids for device
development.Priorreseamhhmcxplored c~atingsuchorgantied nanopaficle
assemblies by Langmrsir-Blodgett techniques (1) or controlled solvent
evaporationon suitable substrates (2). These approachessuffer from several
limitations, however, most notably the generation of relatively simple
structuresandtic lack of structuraltailorebility,preventingfullexploitationof
these materials. More recently, directed assembly using chernisorptionof
sfrcpfavidin-biotinor thiolderivatized gold nenoperticlesonto substrateshas
been described(3,4). Alternative approachesto achieving twodimensional
contincmentofnanoparticlesthatdonot invoIvesubstrate-supportedmaterials,
but rather organize the nanoparticles into mesoscopically-orderedsotl
condensedmatter,may offer the advantageof enhanced~mccssabiIify(5) and
may permit construction of nanocornpositestructures bescd on functional
nanoparticlesembeddedin a pmcessablc,polymer-basedmatrix.

This work describes the development of an alternative strategy for
constructing2-D arrays of functionalmetal and semiconductornarroparticlcs.
The approach involves directing the organization of nanocrystals into a
pmce$sable(k, by externally appliedmagneticand electricfields)polymer-
gmftedlipid-basedcomplex fluid. By altering the surface chemistry of Ore
nanoparticles,theycanbe selectivelyplacedintodefinedregionserrcapsulting
nram”x.

Experimental
Preparufion o~mekrf SOIS. Gold and silver SOISwerepreparedby controlled
rcducfionof aqueous solutions of appropriatemetal salts under a vericty of
conditions to control the size and surface properties of the metal SOIS.
Specifically,gold SOISwere prepared via reduction of 5 x 104 M aqueous
solutions of HAuCI, by sodium citrate at 90”C,yielding red solution (6).
Hydrophobicgoldnanoparticleswerepreparedby reacting10rnLofa 1x 104
M aqueoussolution of freshlypreparedgold nenop~”cles with0.1 mL of a 1
x 10< M dodecanthiol in methanol solution. Silver SOISwere prepared by
sodiumborohydridereductionof Ag:S04or AgNO,in aqueoussolutionunder
an inertatmosphereto ~“eld a yellowsolutionwitha finalconcentrationof ea.
1 x 104 M Ag sol. Hydrophilic,stericallystabilizedsilverSOISwereprepared
via surface-modificationby inclusion of 0.01 OA(w/v)of sodium or lithium
Iaurylsulfateto the silver sulfate solution immediatelyafterreduction.
Preparation o~semicorrductor sok. Nanocrystalsof TiOl were preparedby
controlledhydrolysisofTiCl,, followedbydialysisagainstnenopurewater(7).
The resultantconcentrationof TiO: was between 0.1 -0.6 M. Particle sized
ranged from ca. 40-70 A. Dopaminesurface-modifiedTQ pafiicles WCE
preparedby incubationat 4°Cof 0.3 M Ti02 (42A) nanocrystals with 0.1 M
dopamineat pH 4.0.
Physical Mefhads. W-visible absorption spectra were recorded using a
Shinradzu 1601 spectrophotometer at a spectral resolution of 2 nm.
SynchrokonsmallangleX-rayscattering measurements wereperformedeither
on the BESSRCundulator beamIinc(121D) of the AdvancedPhoton Source
at Argonne National Laboratory or at the Stanford SynchrotronsRadiation
Laboratory(SSRL) (Stanford, CA) on beamlinc4-2. The scatteringprofiles
collectedat Argonne were recorded with a mosaic detector composed of 9
CCD chips with an imaging area of 18x18 cm, with 3000x3000 pixel
resolution. The scattering CUrVCScollected at Stanfordwererecordedusinga
lineardctcctor(Biof-ogicGrenoble,France). ‘fhcsample-todetectordistances
wereset such that the detectingrange for momentumtransferwas 0.006< Q <
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0.3 ~’ at SSRLend 0.008< Q <0.8 ~’ at APS. Sarnplcswere held in lmtn
pathlcngth plexiglasscells with quartz covcrslips as windows or in 1.5 mm
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Results and D~cussion
Thedevelopmentofnanoparticlc-besedelectro-opticalmaterialsmquirea

successful mixing of metal end semiconductor nenopatticles within a
pmcessablepolymerhydmgel matrix end the demonstrationthat this m.xing
does not adverselyimpact the pmpertics of either Orenanoparticles or the
matrix. Accordingly,the firstphase of this researchinvolvedevaluationof the
effectof theencapsulatednenoparticleson thepmpcrtieSof thehostmatrix. At
the same time, the effect of the matrix on Ore rrmuertiea of the guest. .
nanoparticles was examined.
Specifically,we examinedhow
twodimensional confinement
is achievedby selcctivcsurface
modification of the
nanoparticles. Composite
arcdjtcctrm was studied end
evaluatedforperdclcdispersed
evenly throughout or
agglomcmtedin the polymer-
gmftcdlipidmatrix.

The matrix employed in
this work @igure 1) is a
polymer-based hydrogel
recently developed in this
laborato~ (8). Briefly, this
polymer-grefted membrane
liquidcrystallinegelconsistsof
a quatemery mixture of a
phospholipid (DMPC), a
Iipopolymer comprising
rroly(ethylenc)oxideterminally

—
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Figure 1. Schematic illustration of—
polymer-gmtle.d lipid-based liquid-
crystalline gel used as the
encapsulating mahix for 2-D
organization of metal and
semiconductor nanopfi”clcs. The
system features three distinct
physicoeherrrkal regions (I) alkrme,
(if) intcrfacial charged membranc-
polyrncrzone and (Ill) bulk water.

&a-&d onto -the phosphate hcadgroop of DMPC (DMPE-EOti), and a
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of a lamclku structure, that is, a structure consisting of alternating layers of
water and organic components. The Bragg peaks correspond to a periodicity
of 153A.

A typical SAXS pattern recorded for gels prtpsred by hydration of the
solid organic components with a ( 1 x 104 M) solution of a silver colloid
(Figure 2B) display the same periodic structrm of the Iamellar phase, as
evidenced by the integral order of the four diffraction peaks ( Q = 0.0430,
0,0860, 0.129, 0.173 ~’). The profile also exhibits a large increase in
scattering at low Q, however, which arises ffom the solution scattering of the
silver nanocrystrds. This low Q scattering can be used to determine the particle
size of the encapsulated silver rtanoparticles by Guineranalysis (9). Assuming
dilute, noninteracting, monodispetsed, spherical particles leads to an average
size of the nanoparticles of 76+3 A. Additional differences in the patterns
become apparent upon closer examination of the scattering profiles.
Specifically, introduction of the colloidal silver leads to sharpening of the
Bragg reflections and a small reduction in lattice spacing (153 ~ to 146 A),
which may indicate changes in the electrostatic interactions within the gel
phase and hence, improved long-range structural ordering.

The SAXS data collected on a gel incorporating silver SOISthat has been
surface-modified with lithium dodecyl sulfate to produce hydrophilic,
suflactant-stabilized particles are presented in Figure 2C. Here, a loss of long-
rarrge order is observed, as evidenced by the increasing breadth of the
diffraction peaks and the loss of the fourth order peak. This result shows that
upon introduction of the stencally-stabilized Ag particles, the lamehr
structure is retained but long range order weakened, perhaps due to
incorporation of the surfactant on the Ag p~cles (lithium dodecyl sulfate)
into structure gel matrix.

The effect of the gel matrix upon the properdes of the Ag colloids was
probed using linear absorption spectroscopy. Of particular interest was the
de~”nation of the effect ofincorporation of the colloid (i.a, its insertion into
the aqueous channel of the lamellar structure) on the extent of particle
agglomeration. Comparison of the visible spectrum of Ag nanoparticles in
aqueous solution to that of the nanoparticles encapsulated within the hydrogel
is presented in Figure 3. The absorption spectrum (dashed line) for the aqueous
solution, which exhibits a surface plssmon resonance at 404 nrm is
characteristic of individual silver colloid particles. The spectrum recorded for
Ag nanoparticles encapsulated into the gel matrix (solid line) is red shitled
(with absorption maximum at 413 nm) and shows slight broadening of the
surface-plasmon resonance. This modest band broadeningrnay be attributable
to an increase in particle aggregation upon incorporation into the gel matrix.
More noteworthy is the shifting of the band position to longer wavelengths in
the gel matrix. The position of a surface plasmon resonance is known to be
strong]y dependent on
the optical and
electronic properties
of the medium
surrounding the
particles. The shift
observed here may
imply that the silver
nanoparticles are not ~ :m
Iocakd in the bulk -------------
water channels but U

sc+4m $Ua87wm
rather are associated wavrcn#(am)
with the palisade
region of the Iamellar
structure (i.e., charged Figure 3. Visible absorption spectra of silver
membrane - polymer colloid solution (dashed line) and polymer-
interface). Additional based hydrogel containing silver colIoids
support for this (solid line).
interpretation is found
in the results of polarized light microscopy studies. That is, a qualitative
enhancement in the optical birefiingencc is observed, an enhancement
consistent with association of the metal nanoparticles to the interface region
and elimination of defects in the Iamellar structure. (A similar observation has
recently been seen for incorporation of Ianthanide shift reagents into the gel
matrix (8b)).

A comparison of the absorption spectra collected on lithium

dodecylsulfate -
stabilized silver
colloids in water to
those incorpotatcziinto
the gel is presented in
Figure 4. The slight
narrowing of the
resonance for the
sterically-stabilized
silver nanopti”cles in
the gel relative to the
observed in solution
indicates that the
particles do not
aggregate upon
insertion into the gel.
Unlike the bare silver
particles,no shifting in
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Figure 4. Visible absorption spectra of “
lithium dodecylsulfate surface modified
silver colloidal solutions (solid line) and
encapsulated in the polymer-based hydrogel
(dashed line).

the peak maximum is observed after pardcle incorporation, indicating that the
surface-modified nanoprsrticlesmay in fact remain in the bulk water region of
the aqueous channels.

The possibility of incorporatirrgnrmopardcles amongst the alkyl chains of

the membrane bilayer of the lamellsr structure (Figure 1, I) was examined

similarly using hydrophobic, dodecrurethiolderivatized gold nanoparticles.
SAXS measurements indicate thatthekmnellarstruchne ofthematrixism-tained
upon encapsulation. As observed for the hydrophilic surfactant-stabilized silver
nanoparticles, however, some loss of long-range order is indicated by the
changes observed in the Bragg peaks.

Encapsulation and organization of serriconductornanop&ticles was also
examined with Ti02nanocsystals. The introduction ofnarsocrystelline Ti02 (42
A) into the gel structure (probed by SAXS)leads acompleteloss ofthehrnellar
diffraction pattern, indicating destruction of the orgarded noncovalent
aggregate. This canbe attributed to the strorsgbinding ofphosphate headgroups
to Urenarrocrystdine Ti02 particles (7). This interpretation is supposted by the
fact that introduction of dopamine derivatized Ti02 nanopardcles was not
found to disrupt the Iamellar structure of the gel matrix.

Conclusion
These studies indicate that by controlling the surface characteristics of

metal and semiconductor nanoparticles, it is possl%le to direct their spatial .
organization into the three physiochemically distinct regions of a polymer-
gratted lipid-based complex fluid. Such an approach is expected to provide
opportunities to create heterostructured composites with enhanced electro-
optical properties and /or multi-band gap materials.
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ABSTRACT:

In an effort to reduce fuel consumption and emissions, hybrid vehicles incorporating

fuel cell systems are being developed by automotive manufacturers, their suppliers,

federal agencies (specifically, the U.S. Department of Energy) and national laboratories.

The fuel cell system will require an air management subsystem that includes a

compressor/expander. Certain components in the compressor will require innovative

lubrication technology in order to reduce parasitic energy losses and improve their

reliability and durability. One such component is the air beaning for air turbocompressors

designed and fabricated by Meruit, Inc. Argonne National Laboratory recently developed

a carbon-based coating with low friction and wear attributes; this near-frictionless-carbon

(NFC) coating is a potential candidate for use in turbocompressor air bearings. We

presents here an evaluation of the Argonne coating for air compressor thrust bearings.

With two parallel 440C stainless steel discs in unidirectional sliding contact, the NFC

reduced the frictional force four times and the wear rate by more than two orders of

magnitude. Wear mechanism on the uncoated surface involved oxidation and production

of iron oxide debris. Wear occurred on the coated surfaces primarily by a polishing

mechanism.
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INTRODUCTION:

To reduce petroleum-based fuel consumption and emissions from automotive

vehicles, the U.S. Department of Energy (DOE) initiated a program to develop a proton-

exchange-membrane (I?EM)fuel cell technology for transportation applications. This

effort involves automotive. manufacturers, their suppliers, federal agencies, and national

laboratories. At this point, it is believed that the fuel cell will be used in hybrid

configuration rather than in a vehicle powered solely by fuel cells.

The fuel cell system will require a compact, lightweight, highly efilcient air

compressor/expander that will provide clean compressed air to the fuel cell stack.

Turbocompressors are being developed to meet this requirement. Air bearings are

preferred in the turbocompressor because bearing losses will be minimal, and the feed air

will not be contaminated by oil. Under normal operation, a thin film of high-pressure air

separates the load-bearing surfaces of an air bearing. However, during start and stop or

system shock loading, the bearing surface will be in contact, resulting in frictional drag

and wear.

Meruit, Inc., of Santa Monica, CA, has designed and built a journal radial and thrust

air bearing for use in fuel cell turbocompressors [1]. Low friction and no wear are

desirable when the bearing surfaces are in contact before gas dynamic lift, or during

momentary transient overload. A solid lubricant that is well bonded to the bearing

surface will be most suitable for this purpose.

Argonne recently developed a hard carbon-based coating with very low friction

coefficients under dry sliding contact. This near-frictionless-carbon (NFC) coating also
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exhibits very good wear resistance. Friction coefficients as low as 0.002 and wear rates

as low as 10-10mm3/Nm have been measured with this coating in the laboratory under

sliding contact in dry nitrogen [2,3]. The coating has potential for application in Meruit’s

radial journal and thrust bearings. This paper presents the laboratory benchtop tests

comparing the performance of uncoated 440C stainless steel and NFC-coated surfaces

using two parallel discs in sliding contact. This contact configuration is similar to that of
.

the thrust bearings.

EXPERIMENTAL DETAILS:

Coatings:

The NFC coating was deposited on 50-mm-diameter hardened stainless steel disc ‘

test samples by an RF-plasma-assisted chemical vapor deposition (I?ACVD) method.

The surfaces to be coated were first sputter-cleaned in Ar plasma for 30 min. This was

followed by a sputtering deposition of a 50-70-nm-thick Si bond layer. The sputtering

cleaning and deposition of a Si bond layer were used to ensure good adhesion between

the NFC coating and the substrate material. A proprietary mixture of gas was then

blended into the chamber to create the plasma for chemical vapor deposition of the NFC

coating. A coating of about 2 pm thickness was deposited on disc surfaces to be tested.

I

,

Wear Testing:

Wear tests were conducted with hardened (RC60) 440C stainless steel material with

and without NFC coatings. The test specimens consisted of two 50-mm-diameter and 15-

mm-thick discs. A 1 mm recess was machined into the middle of one of the discs, as
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shown in Figure la.

rnrn) were created in

Prior to testing, dimples of known depth (=2 pm) and diameter (0.5

the contact area of the disc with the recess.

During wear testing, one disc was held stationary while the other was rotated at a

constant sliding speed and load, as shown schematically in Figure lb. Because the

contact between the bearing surfaces in the turbocompressor air bearing occurs just

before gas dynamic lift, the contact load i! relatively small. Tests were therefore

conducted with a normal load of about 1.25 N, speeds of 1000 and 500 rpm, and room

temperature (23”C) and relative humidity (34 – 40%). Each was interrupted at a preset

time interval to measure the change in dimension of the dimple. As the test progresses

and wear occurs, the diameter of the dimples becomes smaller. Linear wear (wL) was

then calculated from the dimensional change by:

WL = %{ [d(4R2-d2)]– [j(4R2-D2)] }

where R is the radius of curvature of dimple, d is dimple diameter after test, and D is

initial dimple diameter. At the conclusion of the tests, wear surfaces were examined in a

scanning electron microscope (SEM) to assess the mechanisms of wear and damage

modes on both the coated and uncoated discs surfaces.

RESULTS AND DISCUSSION:

Significant differences were observed in the friction and wear behavior for the coated

and uncoated surfaces. In general, the tests with uncoated specimens were relatively

noisy, while the tests with coated specimens were relatively quiet. This, of course, is an

indication of tribological phenomena occurring at the contact interface during testing.
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Figure 2 shows the average frictional force for NFC-coated and uncoated surfaces

during tests atlOOOrpm. The NFCcoating reduced the frictional force about fomtimes.

This friction reduction is needed by the turbocompressor air bearing for effective air

dynamic lift-off. Recent air bearing test showed that high friction at the bearing surface

could interfere with satisfactory air dynamic lift-off by causing scuffkg darnage or

dynamic instability [4]. With a fourfold reduction in friction by the NFC coating, a.

smooth air bearing lift is expected in NFC-coated bearings.

Average wear on coated and uncoated discs during the 1000 rpm tests is shown in

Figure 3. The NFC coating again reduced the linear wear rate by more than 100 times.

Some of the dimples in the uncoated surfaces were worn through after 10 min of testing,

whereas the coated tests ran for 100 rnin without wearing through any of the dimples.

Only 50% of the coating thickness was worn. The variation of wear rate with time for

coated surfaces, as shown in Figure 4, suggests that it will take a considerably longer

time to wear through the remaining 50% of the NFC coating. Wear performance in the

tests conducted at 500 rpm was similar to those conducted at 1000 rpm. Figure 4 shows

the average wear for coated and uncoated surfaces in the 500 rpm tests. Again, wear was

reduced by about 100 times with the NFC coating.

The good wear resistance of NFC coatings will also be very beneficial to air bearing

durability and optimal performance. Recent air bearing tests [4] showed that radial air

beruings are subject to wear when there is instability at the start of the tests. Wear

increased the clearance between the shaft and journal in the radial bearing. The increased

clearance will increase the dynamic instability in the bearing, causing even more wear.

With the low wear ensured by the NFC coatings, the clearance between the shaft and the



journal in the radial bearing can be maintained, thereby making the bearing .dynarnics

more stable.

Figure 6 shows SEM rnicrographs of the 440C-uncoated disc before and after wear

testing. Before testing, only a few scratches are visible on the polished disc surface

(Figure 6a). After testing, the wear track was covered with debris (Figure 6b). EDAX

analysis showed that the debris consisted primarily of iron oxide; this suggests an.

oxidative wear mechanism or post-wear oxidation of the debris. In any case, the presence

of the relatively hard iron oxide at the contact interface is expected to produce more

abrasive wear and perturb the interaction between contacting surfaces. This was most

likely responsible for the noisy nature of the uncoated disc tests. Figure 7 shows the

surfaces of the NFC-coated disc before and after wear tests. The wear mode on the

coated surface was primarily polishing. There was very little evidence of wear debris

accumulation. The resulting improvement in surface finish, plus the lack of debris

accumulation, is expected to result in lower friction and decreasing wear rates, as

observed.

SUMMARY:

We used laboratory wear testing methods to evaluate Argonne’s NFC coating for

thrust air bearing application. With two hardened 440C steel disc in unidirectional

sliding contact, the NFC coating reduced the frictional force by about four times and the

linear wear rate by more than 100 times. These results show that the NFC coating is a

very good candidate for use in fuel cell turbo-compressor air bearings, where both low

friction and low wear are required. Wear on uncoated surfaces involved oxidation



generating hard iron oxide debris, while the wear mode on the NFC-coated surface

consisted only of polishing.
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Figure 1: Schematic Diagram of Thrust Washer Test Configuration.

8



Figure 2: Relative Frictional Force on NFC-Coated & Uncoated Steel Surfaces
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Figure & Variation of Average Linear Wear Rate on NFC-Coated Surface with Time
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(a) Unworn surface (b) Worn surface with debris

Figure 6: SEM Micrograph of Uncoated Steel Surface before and after Wear Testing.

(a) Unworn surface (b) Worn surface with no debris

Figure 7: SEM Micrograph of Uncoated Steel Surface before and after Wear Testing.
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