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Abstract: We introduce a new and straight-forward methodology to accurately determine the Pt 

content in polymer membrane electrolyte fuel cell (PEMFC) catalysts consisting of carbon 

supported Pt nanoparticles (Pt/C). The method is based on an indirect Pt proof (IPP) consisting 

of the oxidative removal of the carbon support, the digestion of the Pt in aqua regia followed by 

a replacement reaction to form Cu ions (CuCl2). The Pt content is then determined via the Cu-ion 

with the help a complexometric indicator using a simple titration. The procedure is fast and does 

not require any expensive equipment. Thus, it can be implemented in any standard chemistry 

laboratory. The advantages and disadvantages of the IPP method are evaluated in a comparison 

to alternative methods for the determination of the Pt content in supported catalysts, i.e. 

inductively coupled plasma mass spectrometry (ICP-MS) and UV/Vis spectroscopy (UV/Vis). It 

is demonstrated that the IPP method delivers reliable and accurate results and is less influenced 

than for example ICP-MS by side effects such as excess in nitric acid or organic impurities. 

Furthermore, during the procedure up to 60 % of the Pt material is recovered during the IPP 

procedure.   

Keywords: Platinum; Pt loading determination; Pt/C catalysts; polymer membrane electrolyte 

fuel cell;   
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1 Introduction 

Polymer membrane electrolyte fuel cells (PEMFCs) are devices that convert chemical energy 

stored in energy carriers such as hydrogen back to electric energy. They are particularly 

interesting for mobile applications such as electric vehicles as they can complement and alleviate 

some of the disadvantages of batteries such as the low energy density and relative long charging 

times [1-3]. Unlike batteries, however, so far PEMFCs haven’t found their way to a mass market, 

despite some successful demonstrations and the appearance of first commercial solutions [1]. 

This is in part because a sufficient network of hydrogen supply is needed for PEMFC powered 

vehicles, but also because their performance still needs to be improved.  

One of the essential parts in improving PEMFCs, is to optimize the performance of the catalyst 

with respect to its precious metal content. In PEMFCs at the anode and cathode a catalyst is 

needed to oxidize hydrogen and reduce oxygen, respectively. In particular the oxygen reduction 

reaction has a large activation barrier and currently requires a significant amount of platinum 

metal [4]. 

In the search of improved PEMFC catalysts their platinum content is therefore one of the key 

characteristics to optimize [5]. To compare the performance of different catalysts, an accurate 

normalization of the measured reaction rates to the applied amount of platinum is essential. The 

activity of the catalysts is usually expressed as specific activity, i.e. the reaction rate per 

electrochemically active surface area (ECSA), and mass activity, i.e. the reaction rate per gram 

platinum (or precious metal; in the following we only consider platinum) [5-7]. For both 

properties the platinum content of the catalyst needs to be accurately determined. State of the art 

PEMFC catalysts are based on Pt or Pt-alloy nanoparticles finely dispersed on a carbon support, 

i.e. Pt/C or PtM/C. The Pt to carbon support ratio is an important characteristic of the catalyst 
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and is in general called Pt loading or Pt wt.-% [5] and is not to be confused with the Pt content in 

the catalyst layer expressed as Pt loading per cm2 electrode area. The determination of the Pt wt.-

% is an essential part of any characterization of newly synthesized PEMFC catalysts as it cannot 

be assumed that the catalysts contain the entire Pt present in the precursor salts used for the 

synthesis [8]. Indeed, the fact that in some reports the determined ECSA is lower than what 

would be expected from the determined average particle size points toward difficulties in 

determining the particle size or ECSA or an inaccurate or missing evaluation of the actual Pt 

content in the Pt/C catalyst [9].  

In literature, there are several procedures reported of how to determine the Pt wt.-% in Pt/C using 

analysis techniques such as inductively coupled plasma mass spectrometry (ICP-MS) [10], 

thermogravimetric analysis (TGA) [11, 12], or UV/Vis spectroscopy (UV/Vis) [8]. Each of the 

specific methods has advantages and disadvantages. For example, ICP-MS is extremely sensitive 

but requires expensive equipment and the careful digestion of the Pt/C catalyst. Furthermore, so-

called matrix effects can occur influencing the obtained results. TGA by comparison requires a 

relatively large amount of catalyst, but the experimental equipment is less expensive. 

In the presented work, we introduce a new method for determining the Pt wt.-% of Pt/C 

catalysts. The method dubbed indirect platinum proof (IPP) is straight-forward, fast and does not 

require specific equipment other than what is available in any modern chemistry laboratory. In 

addition, the method delivers accurate results and is less influenced by (organic) impurities. The 

procedure involves the digestion of Pt, the replacement of the formed Pt ions by Cu ions (CuCl2), 

followed by the addition of a complexometric indicator and titration. To demonstrate the 

effectiveness of the IPP method different sets of Pt/C catalysts, i.e. two commercial catalysts and 

one prepared by the well-established polyol synthesis, were analyzed with respect to their Pt wt.-
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% using reported standard procedures for ICP-MS, UV/Vis and IPP. It was found that while all 

three methods deliver good results for the commercial catalysts, IPP is less prone for organic 

“residues” from the polyol synthesis and delivers more reliable results than ICP-MS or UV/Vis 

for the home-made catalysts. Based on the results, modified procedures for ICP-MS and UV/Vis 

are presented and a general strategy for double-checking the analysis results proposed.  

2 Experimental 

Chemicals and Instrumentation  

In the presented work the following chemicals and materials were used: hydrochloric acid (37 % 

pur, Grogg-Chemie AG) and nitric acid (65 % Suprapur, Merck KGaA) for the platinum 

digestion; tin(II)chloride dehydrate (ACS reagent, ≥ 98 %, puriss. p.a., Sigma-Aldrich), 

hydrochloric acid (37 % pur, Grogg-Chemie AG), platinum standard for AAS (1000 mg/L ± 4 

mg/L, Sigma-Aldrich) for the UV/Vis analysis; sodium hydroxide (≥ 99 %, p.a., Karl Roth 

GmbH & Co. KG), platinum wires, copper powder (dendritic, 99.7 % trace metals basis, < 45 

µm, Sigma-Aldrich), syringe filter (nylon, 0.2 µm, Fisherbrand), hydrochloric acid (37 % pur, 

Grogg-Chemie AG), ammonia solution (25 %, for analysis, Merck KGaA), Murexide (Standard 

Fluka, Fluka Chemie AG), sodium chloride (≥ 99.5 %, BioXtra, Sigma-Aldrich), 

ethylenediaminetetraacetic acid disodium salt dehydrate (99+ %, Sigma-Aldrich) for the IPP 

analysis. 

The ICP-MS measurements were performed with a NexION 300 X System (PerkinElmer Inc.), 

the UV/Vis analysis was carried out with a Cary 5 E photometer (Viran) and a 665 Dosimat 

(Metrohm AG) was used for the IPP titration. 
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Catalyst synthesis and commercial catalysts 

A 50 wt.-% platinum on carbon catalyst (hereafter referred to as Pt/C-50) was synthesized by the 

well-known polyol method using our colloidal tool box approach [13-15]. In a first step a 

colloidal suspension of Pt nanoparticles (Pt-NP) with narrow size distribution was prepared via 

an ethylene glycol (EG) route [15]. The as prepared nanoparticles were precipitated and then 

immobilized on high surface area carbon (Vulcan XC72R, Cabot Corporation, BET area: 

235 m2 g−1) in a mass ratio of 1:1 (Pt-NP:carbon). The procedure is demonstrated in detail in ref. 

[8]. In short, a colloidal suspension of Pt-NP is obtained by mixing an EG solution containing 

NaOH (1.28 ml, 0.4 M) with an EG solution of H2PtCl6 · xH2O (1.28 ml, 40 mM) under stirring 

and subsequent heating in a closed vessel using a microwave reactor (CEM Discover SP). Under 

microwave radiation the solution is continuously heated up to 160 °C and allowed to react for 10 

min to obtain a blackish-brown homogeneous suspension of colloidal Pt-NP (2.56 ml, c(Pt) = 

3.901 g(Pt)/L(EG)). The nanoparticles are precipitated from the EG suspension by adding 13 ml of 

1 M HCl and separated from the liquid phase by centrifugation (5000 rpm, 5 min). After the 

supernatant is discarded another 13 ml of 1 M HCl is added to the solid residue followed again 

by centrifugation and discarding the supernatant. This washing step is repeated three times in 

total. The washed Pt-NP phase is re-dispersed in 2.56 ml of acetone and mixed in a beaker with 5 

ml of an acetone suspension containing high surface area carbon (2 mg/ml). Evaporation of the 

solvent under temperature controlled (10 - 15 °C, ice bath) sonication finally leads to the dry, 

supported catalyst. The product was washed by 500 ml of Milli-Q water using a funnel filter and 

a woulffsche bottle with a connected water jet pump. The almost clear and colorless filtrate was 

discarded, and the Pt/C sample was allowed to dry overnight. The procedure leads to an average 

Pt particle size of around 2 nm [13]. 
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As commercial reference Pt/C catalysts we used a Tanaka TKK TEC10E50E (46 wt.-% Pt, 

average particle size determined of 2.9 ± 0.8 nm as determined by Transmission electron 

microscopy (TEM)) and a HISPEC 9100 catalysts (60 wt.-% Pt, average particle size of 2.7 ± 0.8 

nm as determined by TEM), which are both common fuel cell catalysts. Representative TEM 

micrographs of the catalysts are presented in Figure 1. As seen, all Pt/C samples are very similar 

Pt nanoparticle size as well as in Pt loading. Differences between the samples may result from 

the specific synthesis procedure (not publicly available for commercial samples), which may 

involve additional steps such as calcination, or as for the homemade Pt/C catalyst, the 

precipitation in HCl. In addition, the carbon support material might be different. According to 

the supplier information, the TEC10E50E and HISPEC 9100 catalysts use a “high surface area 

carbon support” and “high surface area carbon advanced support”, respectively.     

Transmission electron microscopy  

For the TEM analysis, a JEOL 2100 TEM operated at 200 kV (TEC10E50E and HISPEC 9100) 

and a Phillips CM 12 TEM operated at 80 kV (Pt/C-50) were used. The samples were prepared 

for TEM analysis by dropping the solutions containing the Pt NPs and low boiling point solvent 

(e.g. methanol, ethanol) on carbon coated copper TEM grids (Quantifoil).  

 
 

Figure 1: Transmission electron microscopy (TEM) micrographs of the Tanaka TKK TEC10E50E (left), 

HISPEC 9100 (middle) and homemade Pt/C-50 catalyst (right). The bar graphs indicate 50 nm. 
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Procedure for thermal carbon support oxidation  

In order to investigate the influence of carbon support residues on the analysis results, we 

compared unmodified Pt/C samples with Pt/C samples where the carbon support was thermally 

oxidized prior to the analysis of the Pt content. For the thermal carbon support oxidation, a 

defined amount of the respective catalyst (the exact amounts are detailed in Tables 1-3) was 

weighted and inserted into a reaction glass tube (Figure 2). Then the reaction glass tube was 

carefully heated with a Bunsen burner until the carbon support was completely oxidized.  

 

Pt digestion procedures 

For the standard ICP-MS measurements the respective sample was digested in 4 ml of aqua regia 

(volume ratio HCl/HNO3: 3/1; mol ratio of 2.5/1) using a water bath at 80 °C for 3 h. The Pt-ion 

containing solution was diluted by the addition of Milli-Q water to a total volume of 200 ml 

using a volumetric flask, see Table 1. This procedure, as described or in similar form, was 

applied in the research group also in previous work [16].  

 
Figure 2: Pt/C sample before (left) and after (right) thermal carbon support oxidation.  
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The aqua regia composition for the digestion of the UV/Vis and the IPP samples, respectively, 

was adjusted according to equation 1: 

3 Pt + 18 HCl + 4 HNO3   →   3 H2[PtCl6] + 4 NO + 8 H2O     (1) 

leading to a mol ratio of HCl/HNO3 of 4.5/1 (volume ratio HCl/HNO3: 5.348/1). Considering a 

safety margin on the limiting component HNO3, we decided to use a mol ratio HCl/HNO3 of 

4.08/1 (volume ratio 4.854/1. The calculated volume of aqua regia, according to equation 1, 

needed for the digestion of 1 mg of Pt (5.126 µmol) is 15.49 µL. As result, for the UV/Vis 

measurements the respective sample was digested in 0.5 ml of aqua regia using a water bath at 

60 °C for 2 h. During the digestion the reaction tube was closed by a rubber stopper in order to 

saturate the atmosphere within the tube. After complete digestion the solution was poured into a 

100 ml volumetric flask and diluted by adding Milli-Q water up to a total volume of 100 ml, see 

Table 2. For the IPP measurements (Table 3) the same digestion procedure was applied, followed 

by further steps that are described below. 

 

Table 1: Preparation of Pt/C catalysts for the determination of the Pt content via ICP-MS. For each 

catalyst the amount of catalyst used, its (expected) Pt mass as well as the final volume and concentration 

of the diluted sample for measurement containing the Pt-ions are listed.  

Catalyst 

Thermal 

pre-

treatment 

Mass catalyst 

[mg] 

Expected 

Pt Mass 

[mg] 

Final volume 

[ml] 

Final concentration Pt 

[µg/ml] 

Tanaka no 1.28 0.59 200 2.94 

 yes 1.24 0.57 200 2.85 

HISPEC no 0.89 0.53 200 2.67 

 yes 0.91 0.55 200 2.73 

Pt/C-50 no 0.90 0.45 200 2.25 

  yes 0.90 0.45 200 2.25 
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Table 2: Preparation of Pt/C catalysts for the determination of the Pt content via UV/Vis. For each 

catalyst the amount of catalyst used, its (expected) Pt mass as well as the final volume and concentration 

of the diluted sample for measurement containing the Pt-ions are listed. 

Catalyst 

Thermal 

pre-

treatment 

Mass catalyst 

[mg] 

Expected 

Mass Pt 

[mg] 

Final volume 

[ml] 

Final concentration Pt 

[µg/ml] 

Tanaka no 1.97 0.91 100 9.06 

 
yes 1.90 0.87 100 8.74 

HISPEC no 1.50 0.90 100 9.00 

 
yes 1.60 0.96 100 9.60 

Pt/C-50 no 1.88 0.94 100 9.40 

  yes 1.94 0.97 100 9.70 

 

 

Table 3: Preparation of Pt/C catalysts for the determination of the Pt content via IPP. For each catalyst 

the amount of catalyst used, its (expected) Pt mass as well as the final volume and concentration of the 

diluted sample for measurement containing the Pt-ions are listed. 

Catalyst 

Thermal 

pre-

treatment 

Mass 

catalyst [mg] 

Expected 

Mass Pt 

[mg] 

Final volume 

[ml] 

Final concentration Pt 

[µg/ml] 

 
 

    
Tanaka no 2.03 0.93 25 37.35 

 
yes 1.37 0.63 25 25.21 

HISPEC no 0.98 0.59 25 23.52 

 
yes 0.80 0.48 25 19.20 

Pt/C-50 no 0.96 0.48 25 19.20 

  yes 1.01 0.51 25 20.20 

 

3 Results and Discussion 

In the following the respective standard experimental procedures to determine the Pt content of 

the different Pt/C catalysts, digested in Aqua regia, are described. As an optional step preceding 

the digestion of the catalyst was thermal oxidation of the carbon support. ICP-MS and UV/Vis 

have been described previously, while the IPP method is newly developed and therefore 
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described in more detail. Thereafter, the experimental results achieved with IPP are compared to 

the alternative methods ICP-MS and UV/Vis and the advantages and disadvantages of the 

respective methods are discussed. 

Experimental procedure for ICP-MS measurements 

An inductively coupled plasma – mass spectrometer (ICP-MS, NexION 300X, Perkin Elmer) 

was used for quantification of Platinum. The ICP-MS was equipped with a cyclonic spray 

chamber and a PFA-nebulizer. The RF power for the plasma was held at 1300 W with a gas flow 

of 15 l min−1. For calibration of the ICP-MS standard solutions were prepared with the following 

concentrations: 

Isotope Concentrations / µg L-1 

194, 195, 196Pt 1 5 10 20 30 

 

The standards were acidified with a small amount of aqua regia to adjust them to the sample 

matrix. For the analysis, the sample solutions were diluted 1:100 and an internal standard (5 µg 

L-1) was added to each solution (as well to the standards) to compensate for physical 

interferences. 

Experimental procedure for UV/Vis measurements 

The as prepared samples (see above) were analyzed by UV/Vis photometry following a standard 

addition method described previously [8]. First, 1.75 ml of 2 M HCl are mixed in a quartz 

cuvette with 0.25 ml of 1 M SnCl2 prepared in 4 M HCl. The mixture is stirred for one minute to 

guarantee a homogeneous solution, which is used to record a reference spectrum. In a second 

cuvette 0.75 ml of 2 M HCl are mixed together with 0.25 ml of 1 M SnCl2 prepared in 4 M HCl 

and 1 ml of the aqua regia sample containing the Pt-ions. The solution is homogenized by 
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stirring for one minute and thereafter a first UV/Vis spectrum is recorded. Then 5 µL of a 

platinum standard solution is pipetted into the same cuvette and a second spectrum is recorded 

after one minute of stirring. The addition of the Pt standard is repeated 4 times, to obtain 5 

spectra in total.  

The collected spectra are plotted in a graph and normalized at a wavelength of 680 nm. The 

absorbance maxima are taken at 402 nm and plotted in a second graph as function of the added 

platinum standard. The absorbance maximum of the first spectrum represents the ordinate. The 

initial concentration of the sample is calculated based on the intersection of a linear fit of the 

measured data with the x-axis [8].  

Experimental procedure for IPP measurements 

The idea of the IPP method is to determine the Pt ion concentration in the aqua regia sample 

indirectly, by using a redox ion-exchange reaction. Thereby the Pt-ions are substituted by Cu 

ions (CuCl2), which concentration is then determined with the help of a complexometric 

indicator in a simple titration. For this, the prepared aqua regia sample is rinsed carefully into a 

beaker and diluted to ca. 5 ml with Milli-Q water. The pH of the diluted solution containing the 

Pt-ions is then adjusted to 11 - 12 by adding 2 M NaOH(aq). This step is essential to eliminate 

unreacted HNO3 from the Pt digestion. Residues of nitric acid would disturb the equivalent 

exchange of Pt by Cu ions. 

If instead of Pt/C, oxide supported catalysts such as Pt/Al2O3 or Pt/TiO2 are analyzed, the shift to 

alkaline pH can further be used to separate platinum from the oxidic support material by the 

formation of the corresponding hydroxides as well as filtration and analysis of the filtrate as 

described below. Directly after reaching alkaline conditions, the pH is carefully re-adjusted back 

to pH 6.80 - 6.85 by adding HCl in different concentrations (> 0.25 M). The re-adjustment of the 
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pH before the ion exchange needs to be accurate to provide the optimal environment for the Pt-

Cu-redox reaction. The pH rises slightly during this process, and care must be taken to keep the 

pH below 7 to avoid the formation of copper hydroxide. The second aspect of the exact pH 

adjustment is the presence of a small excess of Cl- ions. This excess needs to be high enough to 

ensure the formation of CuCl2 instead of CuCl but not too high to keep the stabilization of the 

[PtCl6]
2- species as weak as possible. In the presented work a pH measuring instrument (Mettler-

Toledo AG, FiveEasy Plus, Electrode: InLab Semi-Micro) was used to monitor this adjustment. 

The pH adjusted mixture is thereafter transferred to a 25 ml volumetric flask and filled up to the 

mark with Milli-Q water. A magnetic stirring bar and some platinum bulk material (in this work 

a convoluted Pt wire) is added to the sample. The platinum bulk material provides a surface for 

Pt deposition and by this represents a means for Pt recycling; up to 60 % of the platinum in the 

Pt/C catalyst sample can be recovered. Although the amounts used in typical electrochemical 

measurements are small, Pt recovery [17-19] is a central theme of sustainable chemistry and a 

natural part of the introduced IPP method. The platinum reduction is initialized by adding a tip of 

a spatula of dendritic copper powder (ca. 50 - 100 mg) to the flask. After shaking, the mixture is 

allowed to react for 10 min at room temperature (RT) under stirring. In order to separate the 

solids from the liquid phase a syringe filtration is performed, and the clear, colorless filtrate is 

collected in a beaker. If the filtrate appears milky, indicating the formation of copper hydroxide, 

the pH adjustment before the Pt-Cu-ion exchange was not accurate and a new analysis sample 

needs to be prepared.    

In order to achieve a statistical relevance in the analysis 10 titration samples were prepared in 

total. For preparing the titration samples 1 ml each of the prepared analysis sample was added to 

the analysis vessels, prepared with ca. 1 ml of Milli-Q water (to increase the volume for the 
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titration), two drops of 0.25 M HCl and a magnetic stirring bar. Then a tip of a spatula (ca. 15 - 

25 mg) of a mixture of Murexide/NaCl (mass ratio: 1/200, homogenized in an agate mortar) were 

added to the solution under stirring, resulting in an orange colored liquid (Figure 3).  

Finally, to each sample 1 M NH3 solution was added dropwise until a color change to bright 

yellow was observed. The thus prepared samples were then titrated with 0.1 mM EDTA solution 

(Figure 4).  

 

 

 

 

 
Figure 4: Envelope point for the Cu2+ titration with EDTA and Murexid metal indicator. 
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When the titration is followed “by eye” and/or is performed by untrained personnel (we 

implemented the IPP method in our student laboratory) from time to time “outliers” might occur 

in the titration. For these cases, we adopted the following procedure for enhancing the accuracy. 

First, the average EDTA consumption (A1) is calculated from the 10 samples. An uncertainty of 

± 0.1 ml (equals ± 0.97542 µg Pt) is assumed for A1 and all measurements from the 10 samples 

that exhibit a larger deviation from A1 are discarded. If at least 5 values fall within the desired 

accuracy the titration is regarded reliable and from these samples a second average EDTA 

consumption (A2) is calculated. A2 is then used for the calculation of the Pt concentration in the 

aqua regia sample. The procedure allows to delete single measurement values with an unusual 

large deviation by from the average in a defined way; typically, 8 – 10 values of the 10 titrations 

fall within the desired accuracy. The whole procedure lasts ca. 45 - 60 min. If better statistics are 

desired additional samples can be prepared and analyzed as described.  

 
Figure 3: Photos of the color changes of the analysis samples (colorless) upon addition of the 

Murexid metal indicator (turn to orange; upper left to upper right photo) and addition of 1 M NH3 

solution (turn to bright yellow; lower left to lower right photo). 
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Comparison of different analyses techniques to determine the Pt content in Pt/C catalysts 

To investigate the reliability of the IPP method in comparison to alternative analysis methods 

two commercial samples with known Pt content and one homemade Pt/C catalyst were studied: 

i.e. TEC10E50E (nominal Pt loading: 46 wt.-%) and HISPEC 9100 (nominal Pt loading: 60 wt.-

%) and Pt/C-50 (expected Pt loading: 50 wt.-%) as the homemade sample. The analysis results 

and the respective pretreatments of the samples are compared in Table 4 as well as in Figure 5.   

 

Table 4: Comparison of applying the different analysis methods for determining the Pt content in three 

different Pt/C catalysts. TEC10E50E and HISPEC are commercial catalysts with a Pt loading of 46 wt.-

% and 60 wt.-%, respectively, as specified by the supplier. Pt/C-50 is a homemade catalyst, synthesized 

with the polyol method to a target loading of 50 wt.-%. As errors for the ICP-MS and IPP measurements, 

the standard deviation is given. For UV/Vis, the uncertainty based on the error of the zero crossing of the 

Y-axis based on the linear fit.  

 

A first important observation from the comparison of the analyses results is that for all analysis 

techniques a thermal pre-treatment of the Pt/C catalysts to oxidatively remove the carbon support 

Catalyst 

Expected Pt 

loading             

[wt.-%] 

Analysis 

method 

Determined Pt loading  

without thermal pre-

treatment            

[wt.-%] 

Determined Pt loading  

with thermal pre-

treatment            

[wt.-%] 

  

 

  TEC10E50E 46 ICP-MS 39.0 ± 0.7 43.1 ± 0.7 

 

46 UV/Vis 21.4 ± 1.4 45.2 ± 1.6 

 

46 IPP 31.5 ± 0.1 45.3 ± 0.1 

  

 

  HISPEC 60 ICP-MS 54.7 ± 0.7 54.6 ± 1.6 

 

60 UV/Vis 49.8 ± 3.5 55.5 ± 4.5 

 

60 IPP 59.3 ± 0.1 59.5 ± 0.1 

  

 

  Pt/C-50 50 ICP-MS 28.5 ± 0.6 28.5 ± 0.3 

 

50 UV/Vis 15.0 ± 2.5 16.3 ± 2.3 

 

50 IPP 43.3 ± 0.1 49.2 ± 0.1 
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is recommendable for obtaining reliable results. In our tests, all three methods, i.e. ICP-MS, 

UV/Vis, and IPP, failed in accurately determining the Pt content of samples that were digested in 

aqua regia without thermal pre-treatment (deviation to nominal Pt loading up to more than 50 

%). The data of the commercial catalysts (TEC10E50E and HISPEC) suggest that the negative 

impact of completely oxidizing the carbon support before digestion in aqua regia was less 

pronounced when using ICP-MS as analysis technique. Nevertheless, as demonstrated, even with 

this highly sensitive technique an unacceptable high deviation (15 %) of the determined value 

from the actual Pt content can occur (see for example TEC10E50E). Furthermore, the results for 

the HISPEC catalyst seem less prone for errors, which can be explained by the fact that the 

carbon content in this catalyst was lower in the first place.  
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The negative influence of the presence of carbon support during the different analyses could be a 

result of the interaction between the carbon surface and the platinum species. Carbon support 

that is not removed from the analysis sample affects the absorption and reduction of platinum 

ions. Such process, however, would depend on the surface properties the carbon support and thus 

may vary for different catalysts. The interaction of [PtCl6]
2- with carbon is based on i) the redox 

mechanism ii) acid-base interaction and iii) the coordination mechanism [20]. Both UV/Vis 

photometry and IPP rely on the presence of Pt in the form of Pt4+-ions. Ions that are (partially) 

reduced to Pt2+ or Pt0 species via the interaction with the carbon surface are not detected or lead 

 
Figure 5: Bar graph representations of the analysis results of the respective methods (ICP-MS, 

UV/Vis, and IPP) for the catalysts TEC10E50E, HISPEC, and Pt/C-50. 
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to a different ions exchange, respectively. For the ICP-MS analysis a less pronounced effect is 

expected, as the material is sent though a plasma beam before its detection in the mass 

spectrometer, which should ensure the complete oxidation of the platinum. The deviations 

between expected and obtained values in the ICP-MS analysis of the homemade Pt/C-50 are thus 

related to different effects that are discussed below. In conclusion, independent of the method 

applied for determining the Pt content of a Pt/C catalyst, if the method involves digestion in aqua 

regia, the complete oxidation of the carbon support in a thermal pre-treatment is strongly 

advised. 

Applying an oxidative pre-treatment to remove all carbon support, the recovery rate (percentage 

of measured relative to expected Pt content) in the ICP-MS analysis is improved from 85 % to 94 

% for TEC10E50E, whereas it is constant (91 %) for the HISPEC catalyst. These deviations are 

acceptable and might be explained with the uncertainty in weighing in small amounts of sample. 

However, the analysis of the Pt/C-50 sample by ICP-MS exhibits a dramatic mismatch between 

the expected and obtained value for the Pt content. Only 57 % of the assumed Pt loading was 

determined independent if a thermal pre-treatment to remove the carbon support was applied or 

not. For the UV/Vis analysis the results are similar. Applying a thermal pre-treatment, improves 

the “determined amount” from 47 % to 98 % for the TEC10E50E and from 83 % to 93% for the 

HISPEC sample, but independent of the pre-treatment only ca. 33 % of the assumed Pt loading 

were determined for the Pt/C-50 catalyst. The occasional occurrence of such large deviations 

between expected and determined Pt loading in Pt/C catalysts synthesized by the EG method has 

been noted previously in our group. It was assumed that the supporting step in the synthesis 

experienced some problems and thus the complete experiments were repeated preparing a new 

set of catalysts. However, with the here introduced IPP method such problems are not 
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experienced. The recovery rate was higher than 98 % for all three catalysts if an oxidative pre-

treatment is applied. This indicates that the ICP-MS and UV/Vis methods are more prone to 

errors due to residuals from the synthesis method involving organic solvents as well as the 

common digestion method. This is an important finding as many colloidal methods for preparing 

Pt nanoparticles are based on using organic solvents, linkers and capping agents [15, 21-24]. 

Although not always addressed, such error sources are well-documented in literature. In refs. 

[25, 26] it is reported, that the recovery rate of platinum by ICP-MS drops already to 80 % in the 

presence of 5 vol-% of HNO3. In addition, the content of HCl in the analysis sample influences 

the result of the measurement. These factors in combination with the low platinum concentration 

used for the ICP-MS analysis have a time dependent effect on the stability of the sample [27]. 

EXAFS studies on the coordination of Pt-Cl and Pt-O show that the coordination number of Cl- 

is 6 in the presence of HCl. Introduction of HNO3 causes a significant drop in Pt-Cl coordination 

and an increase of Pt-O coordination even at low pH. The latter is addressed to be a result of the 

formation of aqua complexes [27]. As discussed in literature [25, 28], ICP-MS suffers from 

many interferences which can have a significant influence on the obtained result due to the high 

sensitivity of the method [29]. Analysis of samples of different concentrations showed, that the 

relative uncertainty decreases with increasing platinum content [30]. 

The significant differences observed between the results of the analysis of the commercial 

samples and the Pt/C-50 therefore is most likely a result from the catalyst preparation via the 

polyol method. Most commercial samples are prepared via a wet impregnation route base on 

aqueous solvents [31], whereas the polyol process [7, 13, 15, 32] is based on organic solvents 

(such as EG and acetone) often followed by precipitation in HCl. Organic residues might form 
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insoluble and undefined carbon structures during the sample preparation for analysis and thus 

influence the results.  

The UV/Vis method is prone inaccuracies due to interferences by impurities in the sample as 

well [33]. In general analytical spectrophotometric measurements can be extremely accurate 

[31]. However, besides physical uncertainties such as spectrometer drift [34] or the linearity of 

the spectrometer’s absorbance scale [35, 36] also the stability of the complex of interest in the 

sample solution is of importance [31]. Ideally an analysis sample should exhibit the following 

properties: i) the reaction between analyte and reagent should be complete, ii) the formed 

complex should be stable, iii) the reagent should not show absorbance at the analytical 

wavelength, and iv) the reagent should not form complexes with other species present in the 

sample [31]. The inaccurate result for Pt/C-50 obtained by UV/Vis analysis may result from 

organic impurities which can be introduced during catalyst preparation. These residues might 

cause a number of unknown interferences due to the fact that these impurities are undefined. 

Another source of inaccuracy can occur during the standard addition steps. Since the volume of 

the added Pt standard solution is very low (only 5 µL per step) the operator needs to work very 

accurately in each addition step. If this precision is not reached the results can vary a lot.      

By comparison the IPP method is more robust against the detrimental influence of organic 

residues from the catalyst preparation. This is due to the fact that the analysis procedure is based 

on the complexation of metal ions by Murexide and EDTA. Another advantage of the IPP 

method is its simplicity, almost no specific instrumental requirements and the fast analysis. The 

latter seems also to be beneficial in terms of stability of the compounds the analysis medium. 

The samples can be analyzed within 1 h after sample digestion. UV/Vis and specifically ICP-MS 

analysis not only require expensive instruments and skilled operators but also the analysis of the 
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samples is usually dependent on the time schedule giving access to the equipment. For IPP one 

only needs common laboratory glassware and chemicals and can be applied in every laboratory.  

The setup (Pt concentration/volume of the final analysis sample, volume of the titration samples 

and concentration of the EDTA solution) can be easily adjusted for each respective application. 

The procedure presented here is based on the typical case for the analysis of in-house 

synthesized Pt/C catalysts where usually 5 – 100 mg of catalyst is prepared. A process scheme of 

the whole IPP process is shown in (Figure 6). 0.5 – 5 mg of the Pt/C catalyst is then investigated 

(Table 5) and it is adjusted for an analysis sample volume of 25 ml with a Pt concentration of 20 

± 10 µg/ml and a titration sample volume of 1 ml each (10 single titration samples in total). The 

demanded accuracy of ± 0.1 ml in the titration results sets a limit of ± 4.88 % error (calculated 

for a Pt concentration of 20 µg ml-1) for the average EDTA consumption in the respective 

titration samples. The demanded accuracy can be adjusted to lower limits, which indeed is 

favorable for the analysis of samples with a lower Pt concentration. Samples with a Pt 

concentration in the range of 2 - 10 µg/ml can be analyzed by adding a defined volume of a 

CuCl2 solution at a well-known concentration to the sample after the Pt-Cu-exchange. The Pt 

concentration of the sample then can be determined based on the difference between the 

observed EDTA consumption and the expected EDTA consumption based on the added CuCl2.  
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Figure 6: Process flow picture of the IPP analysis method for determining the Pt content in Pt/C 

catalysts. 

 

Table 5: Recommended mass of Pt/C catalyst for the investigation of its Pt content by the IPP 

method 

 Expected Pt 

loading 

[wt.-%] 

  Recommended mass 

[mg] 
  

  

5 

10 

20 

30 

40 

50 

   

4 - 5 

2 - 3 

1.5 - 2 

1 - 1.5 

0.6 - 1 

0.5 - 1 
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60 

70 

80 

0.5 - 1 

0.5 - 1 

0.5 - 1 

 

Optimized experimental procedures for ICP-MS and UV/Vis analysis techniques 

Based on the observed deviations, we developed optimized experimental procedures for the ICP-

MS and UV/Vis analysis of the Pt content in Pt/C fuel cell catalysts, in particular home-made 

samples. A procedure to gain reliable and reproducible analysis results with the ICP-MS is as 

follows. A defined amount of catalyst is given into a reaction tube and the carbon support is 

removed by thermal oxidation. For the digestion of the observed residues aqua regia (volume 

ratio HCl/HNO3 = 4.854/1, 0.5 ml per each expected mg of Pt) is added to the reaction tube as 

well as a magnetic stirring bar. Before heating the mixture in a preheated water bath (60 °C, 2h) 

the tube is closed with a tight-fitting rubber stopper. The digested sample is then diluted by 

Milli-Q water to 25 ml in a volumetric flask. Prior to the ICP-MS analysis the concentration of 

this diluted sample is adjusted to 30 µg/L (30 ppb).  

 

Prepared analysis sample 

Mass catalyst 

[mg] 

Thermal 

treatment 

Mass Pt [mg] Volume 1st 

dilution [ml] 

Concentration 

1st dilution 

[mg/L] 

Final Pt 

concentration 

[µg/L] 

0.83 Yes 0.415 25 16.6 30 
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Using this procedure, the ICP-MS measurement was repeated 3 times in total and the average 

value was used for the determination of the metal loading. The determined Pt concentration in 

the analysis sample was 25.67 ± 0.64 µg/L (total mass of Pt in the analysis sample: 0.356 ± 

0.009 mg) which equals a loading of 42.9 ± 1.1 wt.-%. 

 

For the UV/Vis method it was found that instead of using a standard addition method, a more 

reliable result can be obtained by using a calibration curve. For this, 1.75 ml of 2 M HCl is 

mixed in a quartz cuvette with 0.25 ml of 1 M SnCl2 prepared in 4 M HCl. This mixture is stirred 

for one minute to guarantee a homogeneous solution. After recording a spectrum 5 µL of the Pt 

standard solution is added to this cuvette followed by stirring of the solution and recording a 

second spectrum. The peak maxima at 402 nm are then plotted against the Pt concentration in the 

cuvette. This procedure is repeated until enough values are collected to prepare a calibration 

curve, see Fig.S1 in the supporting information (SI) for the used calibration curve.  

For the analysis of the prepared aqua regia sample 0.75 ml of 2 M HCl are mixed with 0.25 of 1 

M SnCl2 prepared in 4 M HCl in a quartz cuvette. 1 ml of the aqua regia sample is added to the 

mixture and homogenized by stirring for one minute. Thereafter, a spectrum is recorded and the 

value of the peak maximum (402 nm) is taken for the determination of the Pt concentration in the 

cuvette by using the previous prepared calibration curve.      

 

Prepared analysis sample 

Mass catalyst 

[mg] 

Thermal 

treatment 

Mass Pt [mg] Final volume 

[ml] 

Final Pt 

concentration 

[mg/L] 
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1.81 yes 0.905 100 9.05 

 

The determined Pt concentration in the analysis sample was 7.76 ± 0.12 mg/L, which 

corresponds to a Pt loading of 42.87 ± 0.66 wt.-%. The error is hereby given as the error of the 

slope in the calibration curve.    

 

4 Conclusions 

We compared different methods for the determination of the Pt content in Pt/C fuel cell catalysts. 

All three investigated methods, i.e. ICP-MS, UV/Vis and IPP, can provide reliable results if 

certain guidelines are considered. Most importantly, the presence of the carbon support during 

digestion in aqua regia needs to be avoided, which can be simply achieved by an oxidative heat-

treatment in air. Furthermore, if possible, the presence of organic contaminations should best be 

avoided if working with ICP-MS or the UV/Vis procedure, e.g. by sufficient pre-cleaning of the 

Pt/C powder. Last but not least, for ICP-MS, the absolute amount of aqua regia as well as the 

mount of HNO3 in the digestion should be kept low, whereas in the UV/Vis procedure the use of 

a calibration curve instead of a standard addition method lead to more reliable results. 

In conclusion, in case of unexpected results for the determined Pt content in Pt/C catalysts, a 

comparison of different analysis techniques is recommended. ICP-MS allows the analysis of 

samples with extremely low Pt concentration but requires experienced operators and expensive 

equipment. On the other hand, ICP-MS is also suitable for the analysis of samples multiple 

components such as Pt-alloys. For Pt/C samples, more straight-forward results can be obtained 

by the UV/Vis procedure as it is in general reliable and UV/vis spectrometers are more 

accessible than ICP-MS machines.  
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By comparison, the newly introduced IPP methodology has several advantages if not ultrahigh 

sensitivity is required – in general the minimum amount of catalyst required for determining the 

Pt content is limited by the accuracy of the weighing. It is fast, straight-forward and provides 

accurate results without the use of any expensive equipment. No experienced operators are 

required, it can even be used in student laboratories. Furthermore, it is less prone faulty results 

due to organic impurities, which often occur in the common polyol nanoparticle synthesis. It also 

provides an easy means to recover up to 60 % of the Pt from the catalysts and is broadly 

applicable. Although, in the presented work it was applied analyze fuel cell catalysts, it can in 

the same way used for Pt determination in other fields of analytical chemistry, toxicology and 

similar.   

Supporting Information 

In addition to the supporting information, we provided an instructional movie of the IPP method. 
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