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Abstract 
 
To address a radiological contamination event, a materials and process project was initiated.  
During the course of this project, processes and materials were developed that successfully cap-
tured zinc vapors physically and chemically, respectively.  However, the physical traps were 
placed in an undesirable area and it was determined that the chemically captured zinc reactions 
was reversible.  Consequently, advanced nanomaterials are being developed to capture zinc va-
pors.  The current state of the art of the science and engineering of these materials and their effi-
cacy for zinc capture and retention is discussed in this paper. 
 

Introduction 
 
A radiological contamination [1] event several years ago, resulted in the planning and execution 
of a development program to capture and retain zinc vapors [2].  The initial approach resulted in 
physical [3] then chemical trapping methods for zinc capture [4].  During a simulated process 
evolution, it was observed that copper–tin alloy (bronze) zinc getters were prone to reversible 
reactions [5].  Dezincification is a known issue for brasses especially at high temperatures under 
vacuum conditions, but the temperature range of interest for this application is lower than what 
has typically been described [6, 7].   
 
Due to the reversible zinc getter behavior for bronze, an investigation into using materials of 
higher temperature, and presumed higher thermal stability was conducted.  Bulk cobalt, which is 
expected to react with zinc but not with hydrogen [8], was initially used but the zinc vapors  
physically deposited onto the substrate and no alloying occurred.  Consequently, the concept of 
using nanomaterials of suitable composition, reactivity and process stability evolved. Nano-
materials exhibit unique properties due to their large surface area and quantum size effects [9, 
10]. It was expected that they would be able to react at relatively low homologous temperatures, 
would coarsen due to the reactions, and would be more stable than the bronze materials that were 
initially tested.  This paper presents preliminary results for gold, cobalt, and gold-cobalt alloys 
nanomaterials that were grown on stainless steel wool trap material. 
 

Experimental 
 
A total of seven different nanomaterials were grown on Type 316L stainless steel wool (SS-W), 
the material currently used for the process lid.  The as-received stainless steel wool (control) was 
characterized using a Keyence VR 3000 profilometer and scanning electron microscopy (SEM).   
 
All of the nanomaterials were grown onto substrates of SS-W that were nominally 50 mm diame-



ter x 10 mm diameter pads.  The nanomaterials were grown from aqueous solutions using condi-
tions that would produce the desired deposit size and shape. Gold and cobalt nanoparticles were 
prepared by a citrate reduction approach [9-11] in the presence of SS-W. With this synthesis, 
1.25x10-4M Au3+ was heated to boiling and 1 wt % sodium citrate solution was added. The boil-
ing was continued until the solution turned ruby red, indicating the formation of gold nanoparti-
cles. Gold cobalt alloys nanoparticles were prepared by a similar procedure by reducing a mix-
ture of 1.25x10-4M Au3+ and 1.25x10-4M Co2+. Core-shell Au-Co nanostructures were prepared 
in two steps (a) synthesis of Au (0) nanosphere core seeds and (b) Co shell by the procedure de-
scribed above. The resulting nanoparticles were purified by three-five steps washing in deionized 
water. 
 
The nanoparticle (NP) deposits were characterized using scanning electron microscopy (SEM), 
energy dispersive X-ray analysis (EDX) and EDX elemental mapping to elucidate their mor-
phology, topography and composition.  The NP optical properties were evaluated by UV-Vis 
spectroscopy.  The adhesion of the NP deposit to the SS-W was tested using an ultrasonic clean-
er and an aqueous solution using fixed time increments.  The liquid was analyzed using induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES) to determine the amount of the 
deposit that was removed. ICP-AES experiments were also performed to quantify the amount of 
metals present on the support (Zn, Co, Au). This technique allowed quantification of chemical 
composition of our colloids and accurate Zn capturing/loading information. 
 
Samples were exposed to zinc vapor from a high vacuum thermal deposition apparatus.  The sys-
tem is comprised of an all metal seals and ConflatTM flanges.  The samples were supported on 
perforated metal with a stack of up to four samples being exposed during one exposure.  A 
bronze pellet was included in the exposure as an experimental control and to verify that the dep-
osition apparatus operated correctly. The zinc vaporization and filter temperature conditions, 
350°C for both and an initial vacuum pressure of approximately 5 x 10-6 Torr, used were con-
sistent with previous work [5].    
 

Results 
 
The SS-W was examined optically using the 
Keyence VR3000 with the results shown in 
Figure 1.  Note the roughened surface condi-
tion of the wire filament.  The nominal diam-
eter of the wires is 50 µm.  The surface 
roughness was also measured and it indicates 
a roughness of 5.44 Ra.   
 
The nanoparticle’s optical properties were 
evaluated by UV-Vis spectroscopy. In deion-
ized water, the gold nanoparticles display the 
characteristic peak at around 525 nm that cor-
responds to the plasmon band (collective os-
cillation of electrons) for spherical gold na-
noparticles while the cobalt nanospheres have 

Figure 1. Appearance of a SS-W wire filament 
showing the surface condition and the shape. 



a plasmon band around 384 nm [9-11]. The UV-Vis spectra of the bimetallic Au-Co nanostruc-
tures differ from the monometallic colloids. A continuous red shift of the Au nanospheres plas-
mon band, originally at approximatively 525 nm, confirms the formation of bimetallic Au-Co 
colloids with a plasmon band around 533 nm [10-12].  The nanoparticle composition and chem-
istry can be monitored using the solution color (inset photo) Figure 2.  

Nanoparticles of Au were grown onto SS-W using the described procedures.  The Au NPS as-
deposited condition of the wire is shown in Figure 3.  Two different morphologies are formed on 
the SS-W surfaces, nanospheres and spherical nanoclusters. The nanospherical particles are nom-
inally 26 nm in diameter (30%) while the spherical nanoclusters, formed by agglomeration of the 
26 nm nanospheres, are approximatively 78 
nm (70%) in diameter with a relative spacing 
of 100 nm. SEM images show that the nano-
particles are distributed over the entire wire 
surfaces.  Despite the surface condition 
shown for the wires, the particles appear to be 
randomly deposited on the wire surface.  This 
result is not surprising since the SS-W surface 
is non-uniform. The SS-W has a surface 
roughness of 5.44 RA. Figure 3 shows a mul-
titude of valleys, steps and crevices that may 
be critical for random nanoparticle deposition.    
 
Three Au-Co alloys and alloy-types with various quantities and morphologies of Au and Co were 
also deposited on SS-W.  One of the Au-Co alloy samples is shown in Figure 4.  In general, these 
nanomaterials also exhibit random particle deposition with a size range of 30 to 220 nm in diam-
eter, for single and agglomerated particles, respectively.   Selected sample particle size ranges 
are listed in Table I.  
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Figure 2.  (a) Appearance of the solution and (b) the UV-Vis spectra for Au and Au-Co (c) the 
UV-Vis spectra for Co and Au-Co.  

Au     Co    Au‐Co 

Au-Co CS; 533 nm 

Co Nps; 384 

 
Figure 3. Gold nanoparticles deposited onto 
the 50 micron SS-W wires.  Note the small 
size and random distribution. 

a b 



Single samples of Au, Co, and Au-Co alloy 
functionalized SS-W were exposed to zinc 
vapor using previously established conditions 
[5].  The typical thermal and pressure pro-
files observed are indicated in Figure 5.  The 
filter reaches the target temperature before 
the zinc is heated so that the zinc vapor can 
be captured at the desired temperature.  Pre-
vious work indicated that low temperatures 
result in physically trapped zinc with inade-
quate adhesion [5].  
 
Visual examination of the bare and nano-
material treated SS-W exposed to zinc did 
not reveal any change in color as is typically 
observed for the bronze pellets which are ini-
tially orange (bronze) colored and change to 
a golden tint (brass) after zinc alloying, as 
shown in Figure 6 for SS-W and  bronze pel-
lets, respectively.  There may be a slight 
change in the sheen of the SS-W indicated by 
the photos, but this difference may simply be 
due to changes in lighting between the pho-
tos.   
 
EDX microanalysis of Au, Co, and Au-Co 
nanomaterials before and after 
Zn exposure was performed to 
evaluate nanomaterial composi-
tion of mono and bimetallic 
colloids with representative da-
ta presented in Figure 7.  
 
All of the zinc exposed samples 
were examined using SEM and 
EDX to characterize how effec-
tive the nano-materials were as 
zinc getters.  SEM analysis was 
needed since mass changes 
were unmeasurable due to wire 
breakage, wire loss, and mois-
ture evaporation during weigh-
ing.  The control SS-W sample 
was examined after zinc expo-
sure and no zinc was detected.  
The results are shown in Figure 

 
Fig.4.  This is an image of the as deposited 
Au-Co (#1) on the stainless steel wire.  The 
particles are generally randomly oriented a 
spherical shape.  There are some agglomerated 
particles as well. 
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Figure 5.  Typical zinc thermal and pressure response. 

Table I. Particle size distribution of the gold-
cobalt alloys and alloy-type nanostructures. 
 

Au-Co 
Alloy 
(nm) 

Au-Co 
CS 

(nm) 

Au-Co-Co ACS 
(nm) 

30 30 42 
128 80 71 

  101 
  220 



8.  Semi-quantitative analysis was 
conducted on the sample as well as X-
ray dot mapping.  The EDX mapping 
analysis demonstrates the accurate lo-
cation of the elements of interest: Au, 
Co and Zn. The chemical analyses for 
the zinc exposed samples are listed in 
Table II. 
 
Figures 7a, 9, and 10a show the sur-
face appearance of Au, Co, and Au-Co 
alloy samples, respectively, after zinc 
exposure.  The samples all exhibit 
coarsening of the nanodeposit getters.  
The relative size changes are shown in 
Figure 12.  All of the samples that 
were treated with nanomaterials were 
effective at gettering the zinc vapor at 
a nominal temperature of 350°C.  The 
Zn content ranged from ~2.5 to ~7 wt 
%.  This range has little overall signif-
icance, since the areas examined in-
clude a substantial amount of non-
treated SS-W as well as the beam in-
teraction volume as indicated by the 
X-ray dot maps.  These results clearly 
show that all the nanomaterials cap-
ture zinc while the control SS-W re-
mains inert; a result that is consistent 
with the practical experience [1].  
 
More rigorous metal quantification 
was conducted using ICP-AES. All 
nanoparticles deposited onto solid 
supports were sonicated at regular 
time intervals (10 min, 30 min and 60 
min) in deionized water. The resulting 
aqueous colloids were dissolved in 
aqua regia and subjected to ICP-AES 
in order to quantify the amount of 
metals present. Representative data 
are presented in Figure 12. 

 

 
Figure 6.  Appearance of SS-W before (a) and after 
(b) zinc exposure and typical bronze pellets before (c) 
and (d) after zinc exposure. 

 
 

Quantitative results
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Figure 7 (a) Appearance of nano-cobalt (Co CT #4) 
deposited on SS-W after zinc exposure; (b) showing 
zinc was present on the sample, composition indicat-
ed in Table II.
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Figure 8.  Appearance of baseline SS-W after 
zinc exposure.  Zinc was not detected on the 
surfaces as indicated in Table 2. 

 
Figure 9.  Appearance of nano-gold deposited 
on SS-W after zinc exposure.  Zinc was pre-
sent on the sample as indicated in Table 2. 

 

Figure 10.  (a) Appearance of nano-gold-
cobalt alloy deposited on SS-W after zinc 
exposure; and (b) X-ray dot map of the de-
posit, composition indicated in Table II.  

 
Figure 11.  Zinc exposure increased the size of the particles observed   
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Table II.  Composition of deposits based on semi-quantitative X-ray Energy Dispersion Analysis. 
 ID #0 #1 #2 #3 #3 #4 #5 #5
Element Wt % Wt % Wt % Wt % Wt % Wt % Wt % Wt %
C K 10.98 11.16 24.62 5.53 56.03 4.55 14.75 53.57
O K NM 2.85 4.01 0.89 5.01 NM 2.29 7.73
Al K NM 0.36 NM 0.18 0.17 0.3 45.31 NM
Cr K 16.25 11.84 12.11 15.81 5.13 17.07 4.58 6.34
Mn K NM 3.71 NM 1.05 NM 0.95 0.68 NM
Fe K 66.01 49.97 40.44 58.4 18.33 62.76 16.69 21.5
Co K NM NM NM 0.04 0.07 0.33 0.08 0.01
Ni K 6.76 7.6 5.52 9.53 2.85 9.11 2.56 2.96
Zn L NM 5.74 7.22 5.79 5.71 2.49 3.51 3.51
Au M NM 6.77 6.08 2.78 6.71 NM 5.96 4.39
Mo L NM NM NM NM NM 2.17 NM NM
Si K NM NM NM NM NM 0.27 NM NM
Cu L NM NM NM NM NM NM 3.58 NM
Totals 100 100 100 100 100 100 100 100

#0 Control SSW; #1 Au-Co alloy; #2 Au; #3 Au-Co Coreshell; #4 Co CT; #5 Au-Co Co coreshell  

 
Summary and Conclusions 

 
Nanoparticles can be grown on stainless steel wool.  The rough surface morphology and topog-
raphy of the 50 nm SS-W lends itself to random particle growth with a narrow size distribution 
and some agglomeration.   
 
Zinc is preferentially deposited onto SS-W that has been treated with nanoparticles.  The zinc 
vapor does not deposit and grow on the control SS-W.  Preliminary results indicate that Au na-
noparticles are superior to Co and Au-Co alloys. 
 
The composition of the nanoparticles after zinc exposure consists of 2.5-7% zinc, but the sample 
volume contains a significant amount of the SS-W substrate based on the high iron and chromi-
um contents. 
 

Zn 

       
Figure 12. ICP-AES data on Au-Co colloids (a) before Zn exposure and (b) after Zn exposure.  
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