
S 1 

Supplementary Information for  

 

Compensation Effect Exhibited by Gold Bimetallic Nanoparticles During CO 

Oxidation 

 

Joe Brindle and Michael M. Nigra* 

Department of Chemical Engineering, University of Utah, Salt Lake City, UT 84112 USA. 

E-mail:  michael.nigra@utah.edu 

 

1. Calculation of energies of transition .............................................................................................. S2 

2. UV-Vis characterization ................................................................................................................ S7 

3. Light-off curves for each material ................................................................................................. S8 

4. Alloy Compositions determined by ICP-MS ................................................................................. S9 

5. TGA analysis for SDLS-synthesized materials ........................................................................... S10 

 

 

  



S 2 

1. Calculation of energies of transition 

 The Arrhenius expression yields two parameters that are constant with respect to 

temperature, the Arrhenius constant and activation energy (Equation 2 in main paper), while ∆𝐻‡ 

is a slight function of temperature. To present the functions comparably, the change in the natural 

logarithm of the Arrhenius equation (Equation S1) and the Eyring equation (Equation S2) values 

with respect to temperature allows for direct comparison of each reaction parameter. 

The above Equations S1 and S2 are set equal, and the values can be related directly. Equation S3 

presents that relationship for a bimolecular reaction. 

The relationship between entropy and the Arrhenius constant can be determined by substituting 

Equation S3 into the logarithm of the Eyring equation (Equation 3 from main paper) to yield 

Equation S4.  

Setting this expression equivalent to the logarithm of the Arrhenius expression (Equation 2 from 

main paper) yields Equation S5.  

Equation S5 simplifies to Equation S6. 

 𝑑𝑙𝑛(𝑘)
𝑑𝑇 =

E"
𝑅𝑇# S1 

 𝑑𝑙𝑛(𝑘)
𝑑𝑇 =

2
T +

∆𝐻‡

𝑅𝑇# S2 

 ∆𝐻‡ = 		𝐸$ − 2𝑅𝑇 S3 

 
ln(𝑘) = ln 5

𝑘%𝑇
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(𝐸$ − 2𝑅𝑇)
𝑅𝑇 +

∆𝑆‡

𝑅 		 S4 
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𝑘%𝑇
ℎ 7 −

𝐸$
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∆𝑆‡

𝑅 		 S5 
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The light-off curve is fit to an Arrhenius model. Thermodynamic parameters are 

determined by the Arrhenius model with Equation S3 and Equation S6.  

∆𝐺‡ is determined through Equation S7. Both ∆𝐻‡ and ∆𝑆‡ are functions of temperature 

so they are determined for each experimental temperature observed. However, ∆𝐻‡ and ∆𝑆‡ do 

not vary strongly with temperature. Table S1 presents the values to get to the Arrhenius plot. 

Table S1: Rates for Au(SDLS) at each temperature for at least three observations. The resulting Arrhenius parameters are 𝐸! =

27.7 "#
$%&

 and 𝐴 = 367 $$%&	()
$$%&	$*+!&∗-

 as a result from the Arrhenius plot.  

Temperature Conversion Rate StdDev Temperature Ln(Rate) 

(𝑲)  𝒎𝒎𝒐𝒍	𝑪𝑶
𝒎𝒎𝒐𝒍	𝒎𝒆𝒕𝒂𝒍 ∗ 𝒔 

𝒎𝒎𝒐𝒍	𝑪𝑶
𝒎𝒎𝒐𝒍	𝒎𝒆𝒕𝒂𝒍 ∗ 𝒔 (𝑲).𝟏 𝒍𝒏 8

𝒎𝒎𝒐𝒍	𝑪𝑶
𝒎𝒎𝒐𝒍	𝒎𝒆𝒕𝒂𝒍 ∗ 𝒔9 

323 0.009 0.003 0.002 0.00310 -5.90 
333 0.022 0.007 0.002 0.00300 -5.01 
343 0.054 0.016 0.006 0.00292 -4.14 
353 0.062 0.018 0.004 0.00283 -4.03 
371 0.175 0.048 0.017 0.00270 -3.04 
377 0.187 0.050 0.010 0.00265 -3.00 
383 0.206 0.054 0.009 0.00261 -2.92 
390 0.313 0.081 0.013 0.00256 -2.52 
412 0.495 0.121 0.023 0.00243 -2.11 
419 0.615 0.148 0.007 0.00239 -1.91 
435 0.804 0.186 0.011 0.00230 -1.68 
453 0.885 0.197 0.002 0.00221 -1.63 
468 0.945 0.203 0.002 0.00214 -1.59 

  

Following the determination of the Arrhenius parameters, ∆𝐻‡ and ∆𝑆‡ can be calculated 

at each temperature through Equation S3 and Equation S6 in Table S2.  

 ∆𝑆‡ = 		𝑅 ∗ 𝑙𝑛 5
𝐴ℎ

𝑒#𝑘%𝑇
7 S6 

 ∆𝐺‡ = ∆𝐻‡ − 𝑇∆𝑆‡ S7 
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Table S2: Determination of ∆𝐻‡ and ∆𝑆‡ with  𝐸! = 27.7 "#
$%&

 and 𝐴 = 367 $$%&	()
$$%&	$*+!&∗-

  for Au(SDLS) at each respective 

temperature is presented in the table below. Rate data is presented for experimental, Arrhenius and Eyring models. Large 

deviations at high temperatures result from conversions approaching 1.  

Temperature ∆𝑯‡ ∆𝑯‡ 
(std dev) 

∆𝑺‡ ∆𝑮‡ Experimental 
rate 

Arrhenius 
Rate 

Eyring Rate 

(𝑲) 8
𝒌𝑱
𝒎𝒐𝒍9 8

𝒌𝑱
𝒎𝒐𝒍9 8

𝑱
𝒎𝒐𝒍 ∗ 𝑲9 8

𝒌𝑱
𝒎𝒐𝒍9 

𝒎𝒎𝒐𝒍	𝑪𝑶
𝒎𝒎𝒐𝒍	𝑴𝒆𝒕𝒂𝒍 ∗ 𝒔 

𝒎𝒎𝒐𝒍	𝑪𝑶
𝒎𝒎𝒐𝒍	𝑴𝒆𝒕𝒂𝒍 ∗ 𝒔

	
𝒎𝒎𝒐𝒍	𝑪𝑶

𝒎𝒎𝒐𝒍	𝑴𝒆𝒕𝒂𝒍 ∗ 𝒔
	

 Equation 
S3  Equation 

S6 
Equation 

S7    

323 22.3 0.5 -204.8 88.5 0.003 0.012 0.012 
333 22.2 0.6 -205.0 90.4 0.007 0.017 0.017 
343 22.0 0.7 -205.3 92.4 0.016 0.022 0.022 
353 21.8 0.8 -205.5 94.4 0.018 0.029 0.029 
371 21.5 0.9 -205.9 97.9 0.048 0.046 0.046 
377 21.4 1.0 -206.1 99.1 0.050 0.053 0.053 
383 21.3 1.0 -206.2 100.3 0.054 0.061 0.061 
390 21.2 1.1 -206.4 101.7 0.081 0.072 0.072 
412 20.8 1.3 -206.8 106.1 0.121 0.113 0.113 
419 20.7 1.3 -207.0 107.4 0.148 0.129 0.129 
435 20.5 1.5 -207.3 110.6 0.186 0.173 0.173 
453 20.2 1.6 -207.6 114.2 0.197 0.235 0.235 
468 19.9 1.7 -207.9 117.2 0.203 0.297 0.297 

        
 The thermodynamic parameters for CO oxidation show that the ∆𝐻‡ and ∆𝑆‡ trend with 

temperature, but only slightly. Some materials present an apparent negative ∆𝑆‡ while others 

present an apparent positive ∆𝑆‡. Consequently, ∆𝐺‡ will increase with temperature if ∆𝑆‡ < 0 

and ∆𝐺‡ will decrease with temperature if ∆𝑆‡ > 0. 
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Figure S1: Arrhenius plots are given for experimental values (squares), Eyring (circles), and Arrhenius models (triangles) for A) 

Au B) AuCu C) AuNi D) AuPd E) AuCo, and F) AuRu for SEA prepared materials in the temperature range of experimentation.  
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Figure S2: Arrhenius plots for experimental values (squares), Eyring (circles), and Arrhenius models (triangles) for A) Au B) 

AuCu C) AuNi D) AuPd E) AuCo and F) AuRu for SDLS prepared materials in the temperature range of experimentation.  

  

2.0 2.5 3.0

0.01

0.1

2.0 2.5 3.0 3.5
1E-4

0.001

0.01

0.1

1

10

2.0 2.5 3.0 3.5
1E-4

0.001

0.01

0.1

2.0 2.5 3.0 3.5

0.001

0.01

0.1

2.0 2.5 3.0 3.5

0.001

0.01

0.1

2.0 2.5 3.0 3.5
0.001

0.01

0.1

ln
(R

at
e)

 Experimental
 Eyring
 Arrhenius

A)
 Experimental
 Eyring
 Arrhenius

B)

ln
(R

at
e)

 Experimental
 Eyring
 Arrhenius

C)
 Experimental
 Eyring
 Arrhenius

D)

ln
(R

at
e)

1/T (1000/K)

 Experimental
 Eyring
 Arrhenius

E)

1/T (1000/K)

 Experimental
 Eyring
 Arrhenius

F)



S 7 

2. UV-Vis characterization 

Figure S3 shows on the left side the as synthesized SDLS-synthesized Au alloy nanoparticles in solution.  

On the right side are the particles after deposition and heat treatment as well as after CO oxidation (COO). 

 

 Figure S3: UV-Vis spectra of the metallic nanoparticles synthesized in solution (left) and on TiO2 (right) of A) Au/TiO2, B) 

AuCo/TiO2, C) AuCu/TiO2, D) AuNi/TiO2 E) AuPd/TiO2, F) AuRu/TiO2. DR-UV-Vis indicates spectra before CO oxidation, and 

after CO oxidation.  
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3. Light-off curves for each material 

  

Figure S4: Light-off curves for CO oxidation using A) Au B) AuCo C) AuCu D) AuNi E) AuPd, and F) AuRu with SEA (black) and 

SDLS (red).  
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4. Alloy Compositions determined by ICP-MS 

Figure S5: ICP-MS results for loading (A) in mmol/kg catalyst and mole fraction (B) with each synthesis procedure. Approximately 

10 mg samples were analyzed following overnight treatment in air at 200°C. 
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5. TGA analysis for SDLS-synthesized materials 

 

Figure S6: Rate of mass change with respect to temperature with for Au (black), AuCo (red), AuCu (blue), AuNi (green), AuPd 

(purple), and AuRu (gold). The data shown has a vertical offset of 0.00001 %/°C added consecutively for each material except Au 

for clarity.  TGA performed in nitrogen flow at 300 mL/min. 

TGA characterizes the ligand volatilization to determine if the ligand is still present in the 

temperature range of interest. The temperature of volatilization begins at ~270°C (532 K) regardless of 

material. The boiling point of TPP is 377°C, so we can verify that the mass change is due to TPP 

volatilization due to the peak in mass loss at approximately 377°C. CO oxidation begins at 100°C (372 K) 

for SDLS prepared materials ensuring that the ligand is still present.  
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