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Abstract 

Hydrogen peroxide is the product of various enzymatic reactions, and is thus typically utilized as 

the analyte in biosensors. However, its detection with conventional materials, such as noble metals 

or glassy carbon, is often hindered by slow kinetics and biofouling of the electrode. In this study 

electrochemical properties and suitability to peroxide detection as well as ability to resist biofouling 

of Pt-doped ta-C samples were evaluated. Pure ta-C and pure Pt were used as references. According 

to the results presented here it is proposed that combining ta-C with Pt results in good 

electrocatalytic activity towards H2O2 oxidation with better tolerance towards aqueous environment 

mimicking physiological conditions compared to pure Pt. In biofouling experiments, however, both 

the hybrid material and Pt were almost completely blocked after immersion in protein-containing 

solutions and did not produce any peaks for ferrocenemethanol oxidation or reduction. On the 

contrary, it was still possible to obtain clear peaks for H2O2 oxidation with them after similar 

treatment. Moreover, quartz crystal microbalance experiment showed less protein adsorption on the 



hybrid sample compared to Pt which is also supported by the electrochemical biofouling 

experiments for H2O2 detection. 
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1. Introduction 

Hydrogen peroxide (H2O2) is simple molecule that has widespread usage ranging from industry and 

food to clinical applications. It has high standard electrochemical potential [1] which makes it a 

powerful oxidizing agent. It can be either electrochemically oxidized to O2 (E0 = 0.695 V) or 

reduced to water (E0 = 1.763 V) in diffusion controlled two-electron processes [2].  In industrial 

applications H2O2 and its redox reactions are closely linked to fuel cell technology as it has been 

proposed to be formed as reaction intermediate in the oxygen reduction reaction [2], [3].  In living 

organisms cells produce H2O2 mitochondria to control growth and apoptosis. It has also been 

suggested that H2O2 has a key role in aging [4]. Furthermore, it is formed as a by-product in various 

enzymatic reactions, such as those catalyzed by glucose oxidase [5], glutamate oxidase [6], and 

cholesterol oxidase [7]. Enzymatic production makes H2O2 feasible for biosensor applications as it 

typically has lower oxidation potential compared to the enzyme substrate molecules.  

Carbon-based materials are often considered as good candidates in sensor applications owing to 

their low cost, wide potential window, relative electrochemical inertness and adequate 

electrocatalytic activity in various redox reactions [8]. However, in detecting H2O2 carbon materials 

as such do not typically perform as well as noble metals, for instance Au and Pt [9]. It has been 

shown that pure glassy carbon does not catalyze redox reactions of H2O2 but by modifying the 

electrode surface for example with Ag [10]–[12], Pd [13], [14], Pt [15] or carbon nanotubes [16] 

can result in measurable electrochemical reactions. In addition, Hrapovic et al. [15] demonstrated 

with their glassy carbon and carbon nanotube sensors that the detection limit for H2O2 with Pt-

doped sensors strongly depends on the type of the carbon support. 



Despite their good catalytic activity towards electrochemical oxidation and reduction of H2O2, the 

disadvantages of noble metals, especially Pt, include high cost and susceptibility to biofouling. 

Expenses can be lowered by using nanomaterials which also typically increases the surface area and 

can also increase the number of active sites [17]. Biofouling has been proposed as the main reason 

for biosensor failure in vivo [18]. It can be characterized as accumulation of undesired biological 

material, such as proteins and cells, on sensor surface [18], [19]. It is detrimental to the sensor 

function as it may prevent the necessary contact between the analyte and the surface.   

Moreover, the detection of H2O2 on conventional metal or carbon fiber electrodes is hindered by 

slow kinetics [10], [20] and relatively high overpotential [21], which allows also the oxidation of 

interfering species, such as ascorbic acid and uric acid [10]. Thus, new materials that facilitate fast 

and interference-free detection of H2O2 as well as resist biofouling are in demand. 

Tetrahedral amorphous carbon (ta-C) is hydrogen-free and consequently the hardest, strongest, and 

slickest form of diamond-like carbon (DLC). In addition, DLC has previously been shown to resist 

microbial and protein attachment [22] which indicates that ta-C also could possess similar 

antifouling properties. On the other hand, adsorption of bovine albumin serum (BSA) is suggested 

to be favored on ta-C when compared to other types of DLC with higher hydrogen content and 

lower sp3 fraction [23]. With its large water window (3.7 V in H2SO4 and 3 V in PBS [24]) ta-C is a 

feasible material for electrochemical detection of various analytes in aqueous media [25]. However, 

in our experience pure ta-C surfaces typically perform poorly in detecting H2O2. In order to 

overcome this we have doped our ta-C samples with Pt in order to enhance the oxidation of H2O2. 

To our knowledge, no Pt-doped ta-C has been fabricated and used in electrochemical detection of 

H2O2 before. However, it has been shown that doping DLC with Pt affect its electrochemical 

properties [26]–[28]. Pleskov et al. [28] suggested that Pt acts as a catalyst for charge transfer in 

otherwise electrochemically inactive DLC. On the contrary, our ta-C is innately electrochemically 

active and adding Pt is aimed at oxidation of H2O2. Moreover, we have previously shown that 



functionalizing ta-C with NH2 groups allows the immobilization of GluOx on ta-C [29] which 

makes the material suitable candidate for biosensor applications. In addition, our ta-C electrodes 

with small exposed Pt areas were an order of magnitude more sensitive towards dopamine 

compared to Pt electrodes [30], [31]. In this paper we inspect detection of H2O2 on hybrid Pt-doped 

ta-C in comparison with pure ta-C and Pt and evaluate biofouling properties of the samples by 

immersion in protein solutions.  

2. Materials and Methods 

2.1.Sample fabrication 
 

Studied samples consisted of 20 nm thick underlying titanium layer and 7 nm thick undoped or Pt-

doped ta-C layer with Pt atomic concentration of 0 and 20%. Samples with 8 nm thick Pt layer only 

were fabricated as well. Substrates were either highly conductive p-type boron-doped (100) Si 

wafers with 0.001–0.002 Ω-cm resistivity (Ultrasil, USA) or silica-coated quartz crystals (Q-Sense, 

Biolin Scientific, Sweden) designed for quartz crystal microbalance with dissipation (QCM-D) 

experiments. Silicon wafers were cleaned by standard RCA-cleaning procedure before deposition. 

Sample fabrication procedure consisted of direct current magnetron sputtering (DC-MS) for Ti layer 

and dual filtered cathodic vacuum arc (FCVA) deposition for carbon and platinum layers. Both 

deposition systems were installed in one chamber. DC-MS system was equipped with a circular and 

water-cooled magnetron sputtering source with 2 inch Ti target. Titanium underlying layers were 

deposited under the following deposition conditions: discharge power was fixed at 100 W, total 

pressure was 0.67 Pa, Ar gas flow rate was 28 sccm, deposition temperature was close to room 

temperature, and deposition time was 350 s. Cathodic arc deposition system (Lawrence Berkeley 

National Laboratory, USA) was equipped with a 60o bent magnetic filter for reduction of 

macroparticle contamination. In order to obtain Pt-doped ta-C, composite cathode made of 6.35 mm 

graphite rod and two embedded 1 mm Pt wires in the center were used. For deposition of ta-C or Pt 



layers only, separate graphite and platinum cathodes were utilized. The arc current pulses had 

amplitude of 0.7 kA and 0.6 ms pulse width. Each pulse was triggered at 1 Hz frequency. The 2.6 

mF capacitor bank was charged to 400 V. Number of pulses was 360 for carbon and combined 

cathodes and 1440 for Pt. Total pressure during the deposition process was no less than 1.3⋅10-4 Pa.  

The distance between the substrate holder and the filter was about 20 cm. Samples were placed in 

the rotating holder (rotational velocity used was 20 rpm).  

After deposition wafers were cut into rectangular chips with an automated dicing saw. Samples 

were stored dry in room temperature.  Before electrochemical characterization and biofouling 

experiments circular area (0.28 cm2 or 0.50 cm2) was defined from the sample with PTFE tape 

(Irpola Oy, Finland) or with custom made polycarbonate sample holder.  

 

2.2. Physical characterization of samples 

The sample morphology was studied with optical microscopy (Leica DMRX, Leica Microsystems, 

Germany), scanning electron microscopy (SEM, Hitachi-4700, Hitachi Ltd, Japan) and scanning 

probe microscopy (Ntegra Aura, NT-MDT Company, Russia). The latter, operated in ambient 

atmosphere with variable measuring facilities, was used for atomic force microscopy (AFM) and 

spreading resistance microscopy, i.e. conductive-AFM (c-AFM) and current-voltage spectroscopy. 

The measurements were carried out in ‘scanning by sample’ mode. For c-AFM, a diamond coated 

conductive probe (DCP10 or HA_HP_DCP, NT-MDT Company, Russia) was mounted on a special 

probe holder designed for the current measurements under the varied voltage applied to the probe. 

The measurements were performed in contact regime. The typical curvature radius of a tip was 

about 100 nm. The force constant values are nominally 11.5 N/m and 16±3.2 N/m for DCP10 and 

HA_HP_DCP cantilevers, respectively. Bitmap images (topography and current maps) were 

processed with Gwyddion (version 2.34) software. 



In order to define Pt atomic concentration of the hybrid sample, X-ray fluorescence (XRF) 

spectroscopy (Spectroscan MAX-GV, Spectron Ltd, Russia) was utilized. Quantitative analysis was 

made according to a calibration curve. Dependence of Pt atom number on intensity of Pt 

characteristic line (1312.6 Å for LiF200 detector) was determined for samples consisting of single 

platinum layers with different thicknesses deposited on Si wafer. Thickness was used as a measure 

of number of Pt atoms. The real thickness of Pt layers was measured with a Dektac XT profilometer 

(Bruker Corporation, USA) with 6 Å step height repeatability. 

Samples containing ta-C were characterized with visible Raman spectroscopy (WITec alpha 300 

spectrometer, WITec Wissenschaftliche Instrumente und Technologie GmbH, Germany). 

Spectra were acquired with 532 nm laser wave length and 0.5 s exposure time. All obtained spectra 

were processed by averaging of 50 spectra and a background subtraction. Non-linear spectrum 

background was caused by silicon signal masked partly by Ti and ta-C layers. In order to make 

accurate fitting of carbon peaks (Gaussian function), reduced Si spectra was subtracted. It is to be 

noted, that Raman spectrum of ta-C typically shows a D-band peak (~1360 cm-1) and a G-band peak 

(~1560 cm-1) [35],  [36]. Their ratio I(D)/I(G) is correlated to the sp3/sp2 fraction ratio, the band gap 

value, and film density. 

 

2.3. Electrochemical measurements 

Cyclic voltammetry was performed with a Gamry Reference 600 potentiostat and Gamry 

Framework software (Gamry Instruments, USA). Reference electrode was a skinny Ag/AgCl 

electrode (Sarissa Biomedical Ltd, U.K.) and counter electrode a glassy carbon rod.  

 

In order to clean the samples they were cycled in nitrogen purged 0.15 M H2SO4 for at least 100 

cycles between -0.4 V and 1.3 V vs. Ag/AgCl with 1 V s-1. H2O2 solutions (0 – 100 mM) were 

freshly prepared from 30 % H2O2 (Merck KGaA, Germany) by dilution in phosphate buffered 



saline (PBS, pH 7.4). The experiments were conducted by immersing the sample in nitrogen purged 

H2O2 solutions and cycling 3 times between -0.4 V and 1.3 V vs. Ag/AgCl with cycling rate of 50 

mV s-1.  

 

2.4. Biofouling 

Biofouling of the samples was investigated  based on the protocol described by Goto et al. [19]. 

Briefly, the samples were first cleaned electrochemically as described in previous section and their 

response to nitrogen purged 1 mM ferrocenemethanol (FcMeOH, Sigma-Aldrich Co., USA) in 0.15 

M H2SO4 or PBS between -0.4 V and 0.3 V vs. Ag/AgCl or between -0.3V and 0.5 V, respectively, 

was measured with cycling rate of 400 mV s-1. Next, the samples were immersed either in 10 mg/ml 

of bovine serum albumin (BSA, Amresco LLC, USA) in deionized water or pure deionized water. 

After 24h incubation at room temperature the experiment in FcMeOH was repeated.  

 

2.5.Quartz crystal microbalance with dissipation monitoring (QCM-D) 

The adsorption of BSA on different substrates was studied with QCM-D using a Q-Sense E4 

instrument (Q-Sense, Sweden). BSA was dissolved in PBS to 1 g l-1 concentration and syringe 

filtered through 0.45 µm filter. Each experiment was performed at 37 °C and 0.1 ml min-1 flow rate. 

Analysis of the results was carried out by utilizing the Sauerbrey equation [32]  which states that the 

change in resonance frequency (Δf) of the quartz crystal sensor is proportional to the mass adsorbed 

per unit surface (Δm): 

∆𝑚𝑚 = −𝐶𝐶∆𝑓𝑓/𝑛𝑛,      

where C is the sensitivity constant (here C = 0.177 mg/m2 Hz) and n is the overtone number (here 

n = 3).  

 

3. Results and discussion 



3.1. Physical characterization of samples 

The results from the optical microscopy together with SEM demonstrated that all samples had, in 

average, quite uniform topography without any significant structural features (images not shown 

here). This was further confirmed with atomic force microscopy. Topography maps for ta-C and Pt-

doped ta-C (ta-C/Pt) are presented in Figure 1 (top row). The values of average roughness are in the 

range of 1.15±0.14, 1.08±0.28 and 0.43±0.11 nm for ta-C, ta-C/Pt and Pt samples, respectively 

(Table 1). The former, larger values for ta-C and ta-C/Pt derive from the fact that ta-C follows the 

topography of the underlying Ti layer as shown in [24]. Ti layer is used here as an adhesion 

promoter for undoped and Pt-doped ta-C. The XRF compositional analysis (Table 1) demonstrates 

that Pt-doped sample contains approximately 20 at. % of Pt. 

C-AFM measurements show that the average current flowing through the ta-C/Pt sample was larger 

in comparison to that of ta-C, as determined with two different types of probes and with two 

different applied bias voltage values. The average current through the sample with Pt layer was one 

magnitude higher in comparison to ta-C samples even when only tenth of the bias voltage was used 

(Table 1). The probes had different original specifications, and thus, before actual measurements 

force-distance spectroscopy was carried out in order to find the actual value of passing force 

between the probe and the sample surface. Passing force values were 2.1 and 0.75 µN for DCP10 

and HA_HP_DCP probes, respectively [31]. Current maps are presented in Figure 1 (for 

HA_HP_DCP probe only). A particular feature of current maps is the non-uniform distribution of 

current. Higher current regions are correlated to the valleys, whereas the smaller current areas 

correlate with the hills on the surface. This non-uniformity can be connected with different 

mechanical contacts established between the probe and the real rough surface [33]. Mechanical 

properties of the contact can be described with the use of Hertz elastic contact theory [33]–[35] and 

ball-ball approximation. Our estimations [36] made for the real geometry (the probe radius of 100 

nm, the width and the height of the each surface grain are 150 and 1 nm) show that, if the probe is 



in the contact with the grain top or the lateral surface of the grain, the contact radius values are 7.5 

nm and 5.3 and the contact area values are 177 nm2 and 88 nm2 for DCP10 and HA_HP_DCP 

probes, respectively. However, if the probe is located in the valley and in the contact with two 

adjacent grains, the contact radius and the contact area are twice as big. Spreading resistance values 

were found from the equation for voltage between the probe with hemisphere shape and the 

collecting contact of certain radius. Consequently, the values decrease from 8.9⋅103 Ω cm for ta-C 

to 2.5⋅103 Ω cm for ta-C/Pt and 15.6 Ω cm for Pt (Table 1). 

In addition, current-voltage spectroscopy (Figure 2) demonstrated that electrical conduction 

mechanism through both ta-C containing samples can be described in terms of  space-charge-

limited (SCL) currents theory [24], [37], [38] with the presence of several levels of monoenergetic 

traps. Thus, current-voltage curves plotted in log-log coordinates (Figure 2b) contain Ohm’s law 

regions (slope is one) and several regions with the slope equaled to two, which relate to presence of 

traps. It should be noted that while in case of Pt layer on top of silicon conduction mechanism is 

expressed as Ohm’s law it is also possible that Schottky contact is established [39] between Si and 

Pt.  

 The results from Raman spectroscopy are presented in Figure 3. No smoothing was applied and the 

spectrum shown in Figure 3 is the original with subtracted background only. Total intensity of ta-C 

spectra decrease and I(D)/I(G) ratio increase with addition of Pt. It is possible that is caused by 

higher sp2 fraction in the Pt containing films, consistent with the results in [40], as higher value of 

I(D)/I(G) ratio is typically associated with higher sp2 content [41]–[43]. In addition, it was 

suggested in [40] that metal doping could lead to conductive path formation in the film.  

Thus, it is suggested that addition of Pt induces formation of higher amount of sp2 fraction and 

higher conductivity for ta-C. Menegzzo et al. [26] have previously reported similar results for Pt 

containing DLC. Moreover, it was show here that adding Pt in ta-C does not significantly change 



conduction mechanism from SCL currents theory significantly. The conduction mechanism through 

Pt layer is defined by Ohm’s law, as expected. 

 

 

 

3.2.Electrochemical measurements 

Voltammograms for ta-C, ta-C/Pt and Pt in 0.15 M H2SO4 are presented in Figure 4. Water window 

in H2SO4 and the double-layer capacitance have been previously determined for pure ta-C [24]. Pt 

sample exhibits typical Pt features with clear peaks for hydrogen adsorption and desorption as well 

as for Pt surface oxidation and reduction [44]. For ta-C/Pt it is suggested that the anodic peak at -

0.48 V and cathodic peak at -0.46 V (inset in Figure 4) are also related to hydrogen adsorption and 

desorption, respectively, and indicate the presence of Pt in the material. Menegazzo et al. [26] 

inspected the electrochemical properties of Pt-DLC and Au-DLC films. They concluded that even 

though the working range for the composite is narrower compared to the carbon support alone it is 

still larger than for pure metal offering also chemical and mechanical stability of an inert ceramic. 

However, in our case the presence of Pt in the hybrid samples is more evident from the 

voltammograms compared to those presented by Menegazzo et al. Thus, it is concluded that even 

though the hybrid material would allow higher potentials at the anodic end, and thus also larger 

water window compared to pure Pt, it is recommended to work within the conventional potential 

range used for Pt to avoid any uncontrolled modifications of the surface.  

The double-layer pseudocapacitance was determined from the CV curves in H2SO4 (∆j = 2 × C ×

v). The geometric area of the sample in contact with the solution was used in the calculations and 

the Δj was defined as the difference between anodic and cathodic current densities. For ta-C/Pt and 

Pt samples it is noted that as they have been cycled up to 1.3 V vs. Ag/AgCl during the cleaning 



step it is likely that there were some oxide species present on the surface even though the 

capacitance was determined from dataset where the cycling was not extended into the oxide 

formation region. Thus all the values in Table 2 correspond to pseudocapacitance as they probably 

include also some contribution from faradaic reactions [24], [45]. Especially, for Pt sample there 

were most likely considerable faradaic contributions that resulted in large error for the 

pseudocapacitance.    

Cyclic voltammograms recorded with different concentrations of H2O2 are presented in Figure 5. 

Pure ta-C samples (Figure 5) show no peaks that would indicate oxidation or reduction of the 

analyte. However, hybrid sample as well as Pt samples showed clear peaks at approximately 0.6 V 

for concentrations of 1000 μM and 10 mM. The insets show that both ta-C/Pt and Pt samples were 

able to detect also 100 μM of H2O2.  The peak positions and corresponding current densities for 

1000 μM H2O2 are presented in Table 2. The current at the peak potential clearly increased with 

increasing concentration. In general, when compared to the Pt sample the hybrid sample as well as 

the pure ta-C show considerably smaller background current densities. Especially the O2 evolution 

above 1 V typical of Pt in PBS is more limited on the hybrid samples reflecting instead the behavior 

of ta-C.  

Hudak et al. [46] studied cyclic voltammograms of Pt recorded in PBS (pH 7.2). Although between 

-0.6 V and 0.9 V vs. Ag/AgCl the response was well in line with the standard H2SO4 curves often 

used in the study of Pt electrochemistry, in the extended potential range from -1.0 V to 1.7 V vs. 

Ag/AgCl Pt exhibited some additional electrochemical activity, especially above 1 V vs. Ag/AgCl 

and at approximately -0.75 V vs. Ag/AgCl. This was suggested to arise from oxidation of chloride 

ions and oxidation/reduction of phosphate ions [46]. Despite the narrower potential range similar 

reactions are proposed to occur on the surface of the Pt sample above 1.0 V vs. Ag/AgCl. These 

reactions are absent on the ta-C and hybrid sample indicating better tolerance for environment 

mimicking physiological conditions compared to pure Pt. Especially inhibition of H2O2 oxidation 



by chloride ions has been stated as one of the challenges associated with Pt electrodes [47]. The 

results presented here are proposed to indicate that it is possible to obtain good electrocatalytic 

activity for H2O2 oxidation with less interference from the ions in the electrolyte by combining Pt 

with ta-C. The optimal concentration of Pt in the hybrid samples that would allow detection of H2O2 

in the low micromolar range as well still remains to be determined.  

It has been shown by Sitta et al. [48] by studying H2O2 reactions on Pt single crystals that both its 

oxidation and reduction depend on the surface structure and oxygen coverage. It is therefore 

suggested that by controlling the Pt orientation in the hybrid samples one could improve sensitivity 

towards H2O2. This issue will be studied in detail in the near future. 

3.3. Biofouling 

The ability to resist biofouling is crucial for the successful operation of a biosensor. In order to 

study the biofouling properties of the samples they were immersed in BSA solutions for 24 hours at 

room temperature to compare the current responses for FcMeOH in H2SO4 or PBS before and after 

exposure to possibly fouling solutions. It has been previously shown that serum albumin adsorbs on 

Pt containing biosensor surface [49] which justifies the use of BSA as a model solution. Samples 

were also immersed in deionized water for reference. The isoelectric point of BSA is 4.7 [50] and 

that of ta-C is 2.6 [24] which indicates that the surface should in general repel the protein both in 

neutral pH as well as below pH 1. However, it should also be noted that protein absorption is a 

complex process and cannot be predicted based on a single parameter such as charging.   

Results from the first set of experiments where H2SO4 was used as solvent are presented in Figure 

6. Cycling in H2SO4 was used to clean the surfaces in order to evaluate if it was possible to recover 

the initial response to FcMeOH after immersion in BSA. It is evident, that all the samples were 

affected by immersion in BSA solution. For pure ta-C the peak separation increased from 75 mV to 

130 mV and was not recovered to the initial value after cleaning as was the case with pure Pt. The 



hybrid sample was completely blocked by BSA and there was only minor recovery upon cleaning 

(Figure 6, no peak separation defined). Pt sample was also clearly fouled by BSA as the peak 

separation increased from 69 mV to 226 mV. However, after cleaning the peak separation was 

decreased back to 78 mV which is close to the original value. The difference between ta-C and ta-

C/Pt should not arise from the difference in sp3 content (Table 1) as it has been previously shown by 

Vinnichenko et al. [51] that it does not affect protein adsorption.  

Moreover, both Pt containing samples (ta-C/Pt and Pt) were also affected by immersion in 

deionized water. For ta-C/Pt the peak separation was 20 mV lower than the value before immersion 

(Table 1). For Pt sample peak separation was increased only by 9 mV.  However, the current 

density after immersion was significantly smaller than the initial value which is proposed to indicate 

a decrease in the active area or in the number of adsorption cites. This could arise for example from 

adsorption of impurities from the solution or excessive oxidation of Pt films. 

The above experiments were conducted in acidic environment which may have resulted into an 

excessive denaturation of the protein on the electrode surface. Thus, in the second set FcMeOH was 

dissolved in PBS (pH ~7.4) in order to avoid unwanted changes in the protein. Results are presented 

in Figure 7. Similarly as when the experiment was conducted in acidic environment, immersion in 

BSA affected all the samples. For ta-C the peak separation increased from 76 mV to 136 mV which 

is comparable with the previous results for ta-C. Both ta-C/Pt and Pt were blocked by the protein 

and no clear peaks were obtained for FcMeOH oxidation and reduction. Immersion in deionized 

water did not noticeably affect either ta-C or ta-C/Pt which corresponds well with the previous 

experiments. However, Pt sample was significantly blocked also after incubation in deionized 

water.  

Comparing Figure 6 and Figure 7 shows that both ta-C and ta-C/Pt behave in a fairly similar 

manner regardless of the solvent (H2SO4 or PBS, respectively). However, when PBS was utilized as 



solvent pure Pt lost activity for FcMeOH oxidation and reduction both after immersion in deionized 

water and immersion in BSA. Interestingly, this was not the case when FcMeOH was dissolved in 

H2SO4. Figure 6C shows clear peaks for FcMeOH both after incubating in deionized water and 

BSA.  It is proposed that Pt surface is actually cleaned in H2SO4 based on the following arguments: 

(i) From the Pourbaix diagram of Pt it can be seen that the stability region of metallic Pt is higher at 

low pH (< 1) than at physiological pH and (ii) the results obtained upon purposely cleaning the 

sample by cycling in H2SO4 after immersion in BSA (blue dashed line in Figure 6) showing that the 

initial peak separation could be gradually recovered.  

For ta-C it is mostly the protein that fouls the surface whereas for Pt there seem to be also other 

factors (not specified here) that result in losing the response to FcMeOH. 

In addition, it is important that the sensors retain the ability to detect H2O2 even after exposure to 

possibly fouling solutions. Thus, similar experiments as done for the electrochemical 

characterization with H2O2 were conducted also after immersion in deionized water or BSA. Pure 

ta-C was omitted as it did not produce any peak for H2O2 (Figure 5). Results are presented in Figure 

8. They indicate, on the contrary to the previous experiments, that neither Pt nor ta-C/Pt are 

completely blocked but retain their ability to detect H2O2 regardless of whether they have been 

immersed in deionized water or BSA. This could be a consequence of smaller size of H2O2 

compared to FcMeOH utilized in previous experiments.  

 Figure 8 shows that the peak was more sharply defined for Pt than for ta-C/Pt. This is suggested to 

arise from the hybrid nature of the ta-C/Pt sample as the responses to H2O2 of pure ta-C and pure Pt 

(Figure 5) are mixed on it. There was no clear reduction peak visible for H2O2 and hence it was not 

possible to define peak separation. However, the changes in the peak intensity (current density) and 

position (potential) after immersions were evaluated for the response in 1 mM H2O2 solution. After 

immersion in deionized water the peak for ta-C/Pt was shifted by 20 mV in the negative direction 



whereas for Pt it was shifted only 5.8 mV in the positive direction. After immersion in BSA 

solution the peak position shifted in the positive direction for both samples. The shift was 

considerably larger for sample Pt (54.2 mV) compared to ta-C/Pt (44.2 mV).  

Current densities were always smaller after than before immersion regardless of the sample or 

solution type. The change in the current density, however, was larger after immersion in BSA 

compared to immersion in deionized water for both sample types. Nevertheless, it was still possible 

to detect 100 μM H2O2 after immersion either in deionized water or BSA.  

Table 3 summarizes the ΔEp values for biofouling experiments with FcMeOH and changes in the 

peak positions and current densities for experiments with H2O2.  In Table 3 positive  ΔchangeEp 

denotes the peak has shifted in the positive direction whereas negative value marks peak shift in the 

opposite direction. DI water refers to deionized water. 

3.4. Quartz crystal microbalance with dissipation monitoring (QCM-D) 

The adsorption of BSA on ta-C, ta-C/Pt and Pt was further studied by QCM-D. The adsorbed mass 

of BSA, expressed as change in the resonance frequency of the crystal sensor, is presented in Figure 

9. The initial baseline, corresponding to the situation where the substrates were in protein-free PBS 

buffer (pH ~7.4), is followed by a clear drop in frequency for all the samples when the BSA 

solution was injected into the system. A significant increase in mass uptake was observed for Pt 

compared to ta-C and ta-C/Pt at t = 20 min the adsorbed mass on Pt being 10% higher than that on 

the other two. Only about 5% of adsorbed BSA was washed away from all the surfaces when 

protein-free PBS was injected in the system, as revealed by the very small increase of frequency 

observed at t = 23 min in Figure 9.  

In summary, QCM-D results indicate that BSA was adsorbed on all three sample types and could 

not be significantly washed away. This could also be seen from electrochemical experiments with 

FcMeOH in PBS (Figure 7) where all the samples were affected by immersion in BSA solution. 



However, ta-C was not completely blocked like the other two sample types but exhibited clear 

peaks for FcMeOH oxidation and reduction. It is proposed to arise from different orientation of the 

protein on the surfaces. As the methods applied here do not give any information on protein 

orientation the proposition was not further verified and should be investigated in detail in the future.  

QCM-D results are in line with those from the experiments conducted in PBS with H2O2 as the 

analyte (Figure 8). The hybrid sample (ta-C/Pt) fouls less in both experiments when compared to Pt. 

Interestingly, when experiments were carried out in acidic environment with FcMeOH (Figure 6) 

the hybrid sample was fouled significantly more than pure ta-C or pure Pt.  

Thus, when planning biofouling studies on new materials it should be taken into account that 

protein (and electrode) behavior differs in different environments.  

4. Conclusions 

Pt containing hybrid ta-C samples were proposed to be suitable candidates for H2O2 detection. It 

was shown that addition of Pt in ta-C does not affect the conduction mechanism which remains as 

SCL current type. Both electrochemical and QCM-based biofouling experiments indicate that in 

neutral solutions the hybrid material suffers less from protein adsorption compared to pure Pt, 

which makes it feasible material for biosensor applications. 

The optimal amount of Pt in the hybrid material still remains to be determined. Also, finding the 

most active orientation of Pt for H2O2 oxidation could improve the functionality of the sensor.  In 

addition, the limit of detection and the range of linear response need to be investigated with the 

improved material.  

It should be noted that the BSA solution utilized in biofouling experiments was very simple and 

does not represent the actual in vivo conditions. However, it is regarded as an adequate model as it 

gives some general guidelines for protein adsorption on the sample surfaces. In further studies more 

complex solutions should be used in order to obtain more detailed information.  
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Figures 

 

Figure 1. Topography (top row) and current (bottom row) maps for ta-C (A, A’), and ta-C/Pt (B, 

B’) and Pt (C, C’) samples. A’ and B’ current maps were obtained under 1 V of applied voltage, 

whereas C’ current map was received under 0.1 V. HA_HP_DCP probe was used for all samples. 

 

Figure 2. Current-voltage curves obtained from c-AFM measurements in a) linear and b) log-log 

coordinates. Numbers placed along the linear approximations in b) represent the slopes of the 

respective lines. 



 

Figure 3. Raman spectra (background subtracted, no smoothing) of samples ta-C and ta-C/Pt.  

 

 

Figure 4. Voltammograms for samples ta-C, ta-C/Pt and Pt in 0.15 M H2SO4. The insets illustrate 

the proposed shifts in the hydrogen adsorption and desorption peaks for ta-C/Pt. Note that samples 

ta-C/Pt and Pt would allow cycling to higher potentials but here the range is limited in order to 

avoid any uncontrolled modification of Pt. 



 

Figure 5. Cyclic voltammograms of pure ta-C sample (A), ta-C/Pt sample (B) and Pt sample (C) in 

0-10 mM H2O2. The insets in B and C show the forward scans between 0.2V and 0.8 V for blank 

and 100 μM and 1000 μM H2O2 to illustrate the rise in the current with addition of the analyte. 



 

Figure 6. Responses for 1 mM FcMeOH in H2SO4 (pH < 1) for samples ta-C (A), ta-C/Pt (B) and 

Pt (C) before (black) and after (red) immersion in deionized water (solid lines) or 10 mg/ml BSA 

(dashed lines). Blue lines show the voltammograms after immersion and cleaning by cycling for 

100 cycles in 0.15 M H2SO4.  



 

Figure 7. Responses for 1 mM FcMeOH in PBS (pH ~7.4) for samples ta-C (A), ta-C/Pt (B) and Pt 

(C) before (black) and after (red) immersion in deionized water (solid lines) or 10 mg/ml BSA 

(dashed lines).  



 

Figure 8. Responses to H2O2 for ta-C/Pt (top row) and Pt (bottom row) samples after immersion in 

deionized water (left) and 10 mg/ml BSA (right). DI water refers here to deionized water.  

 

 



 

Figure 9. Adsorption of BSA on different surfaces expressed as change of the resonance frequency 

of QCM-D crystal sensors. 

 

 

  



Tables 

Table 1. Physical characteristics of studied samples. In cathode configuration representation (first 
row) black indicates carbon and grey Pt. Probe 1 and Probe 2 refer to DCP10 and HA_HP_DCP 
probes, respectively. 

Sample ta-C ta-C/Pt Pt 
Cathode configuration 
representation    
C : Pt cathode area 
ratio, % 100 : 0 95 : 5 0 : 100 

C : Pt atomic 
concentration, at. % 
(in film) 

100 : 0 (80 : 20) ± 10 0 : 100 

Layer structure of 
samples: 

⋅ 20 nm Ti 
⋅ 7 nm ta-C 
⋅ 8 nm Pt 

 
+ 
+ 
– 

 
+ 
+ 
– 

 
– 
– 
+ 

Roughness Ra, [nm] 1.15±0.14 1.08±0.28 0.43±0.11 
Average current 
through samples [nA]: 
⋅ Probe 1 
⋅ Probe 2 

 
 

5.3 (at 0.3 V) 
0.37 (at 1 V) 

 
 

12.2 (at 0.3 V) 
1.36 (at 1 V) 

 
 
– 

21.5 (at 0.1V) 
Spreading resistance, 
[Ω cm] 
⋅ Probe 1 
⋅ Probe 2 

 
260 

8.9⋅103 

 
95 

2.5⋅103 

 
– 

15.6 
I(D)/I(G) ratio 0.7 0.96 – 

 

Table 2. Summarized electrochemical characteristics for ta-C, ta-C/Pt and Pt samples.  

Sample ta-C  ta-C/Pt  Pt  
Water window in H2SO4 (V) 3.5 1.8 1.8 
Double-layer pseudocapacitance 
(0.15 M H2SO4) (μF cm-2) 44.8±13.4 29.8±5.7 51.0±25.5 

ΔEp (FcMeOH, 400 mV/s) (mV)  
in H2SO4 
in PBS 

 
75 
76 

 
130 
127 

 
69 
99 

H2O2 (1 mM)  Ep (mV) - 536 554 
H2O2 (1 mM) jp (μA cm-2)  20.5 35.0 

 

 

 



Table 3. FcMeOH oxidation and reduction peak separation for samples ta-C, ta-C/Pt and Pt (400 
mV/s) and the change of peak position for 1000 uM H2O2 after immersion for samples B and C (50 
mV/s).  

Sample ta-C ta-C/Pt Pt 
 DI water BSA DI water BSA DI water BSA 
ΔEp FcMeOH in H2SO4(mV) 74 130 110 - 78 226 
ΔEp FcMeOH in H2SO4, cleaning (mV)  128    78 
ΔEp FcMeOH in PBS 78 136 170 - - - 
ΔchangeEp H2O2 (1 mM) (mV) - - -20.0 22.1 5.8 54.0 
Δchangejp H2O2 (1 mM) (μA cm-2) - - 35.9 44.2 19.9 54.2 

 

 

 


