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Abstract 

Bacterial nanocellulose, BNC, has emerged as a new class of nanomaterials recognized as 

renewable, biodegradable, biocompatible and material for versatile applications. BNC also 

proved as a perfect support matrix for metallic nanoparticle synthesis and appeared as suitable 

alternative for widely used carbon based materials. Following the idea to replace commonly used 

carbon based materials for platinum supports with the green and sustainable one, BNC appeared 

as an excellent candidate. Herein, microwave assisted synthesis has been reported for the first 

time for platinum nanoparticles supported on BNC as green material. Bacterial nanocelullose-

platinum catalyst, Pt/BNC, was investigated by Fourier transform infrared spectroscopy (FTIR), 

differential scanning calorimetry (DSC), atomic force microscopy (AFM), X-ray diffractometry 

(XRD) and transmission-electron microscopy (TEM) analysis. The obtained results confirmed 

successful synthesis of new Pt-based catalyst. It was found that Pt/BNC catalyst has high 

electrocatalytic performance in methanol oxidation reaction. Green/sustainable catalytic system 

is highly desirable and provided by the elegant microwave assisted synthesis of Pt/BNC will 

pave the way for a larger scale application and expedite the market penetration of such fuel cells. 

 

Keywords: bacterial nanocellulose, methanol oxidation, Pt catalyst, microwave synthesis, 

green support 
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1. Introduction 

Polymer electrolyte membrane fuel cells (PEMFCs) are pure electrochemical energy converters 

that are key components of energy sources for vehicles and for stationary and portable energy 

suppliers [1]. Despite their good characteristics, such as low operating temperature, high 

efficiency, high energy density, and nontoxicity, PEM fuel cells are still far from large-scale 

commercialization since they have several unsurpassed problems. Poor durability and reliability, 

as well as high production costs, being the most prominent. Noble metal-based catalysts 

supported on the appropriate material carry the largest share of the cost in the price and 

durability of PEM fuel cells [2-4]. Therefore, the potential for the cost reduction is in the 

optimization of the catalyst, i.e. obtaining the maximum catalytic efficiency with the lowest 

possible content of noble metals. The majority of commercial catalysts today are Pt-based 

catalysts supported on porous conductive materials with a high specific surface area [3, 5, 6]. 

Catalysts support has significant impact on nanostructured noble metal catalyst’s activity and 

stability because interaction between the metal particle and the support can affect metal particle 

size and dispersion [7]. The function of the support is also to extend the surface area of the metal 

that is, to enable efficient utilization of metals by providing the maximum ratio of surface area 

and weight. Due to their large surface area and excellent conductivity and stability, over the last 

few decades, commonly used catalysts supports have been carbon based materials such as 

Vulcan XC-72 carbon black (CB), multi-walled carbon nanotubes (MWCNTs) and graphene [8-

11]. However, their production process includes pyrolysis of coal or petroleum releasing carbon 

dioxide and other harmful organic products into the atmosphere and having a negative influence 

on the environment. 

Since the focus of upcoming science and technology is rapidly shifting towards 

environmentally friendly, sustainable and renewable resources, cellulose as a "green" material 

appeared as perfect candidate for metal nanoparticles support [12]. Cellulose is the most 

available biomacromolecule in nature that can be obtained from various sources such as wood, 

cotton, crops, cellulosic agricultural wastes, and more recently from bacterial fermentations 

(Komagataeibacter medellinensis, Gluconacetobacter xylinus) [13-15]. It is renewable, 

biodegradable and biocompatible material that can be easily converted into derivatives producing 

a new class of nanomaterials suitable for various applications: food packaging, biomedical, 

pharmaceutical, water treatment, energy, electronics, biosensors, etc. [16, 17]. Bacterial 
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nanocellulose, BNC, has gain on its popularity due to its outstanding performances such as high 

crystallinity, high aspect ratio, surface reactivity, low density, low cytotoxicity, availability, 

appropriate porosity, high water retention capacity, superb overall mechanical properties [18-21]. 

BNC is also promising material for production of cellulose nanocrystals, CNs, by controlled 

hydrolysis under different conditions [22, 23], which was further recognized in the applications 

of enzyme immobilization [24], drug delivery [25] and green support for metallic particles 

fabrication [26]. Remarkable research interest has been focused on oxidation of BNC [27, 28] in 

order to produce improved material with great potential in tissue engineering [29, 30], as high-

performance separators in lithium-ion batteries [31], but also as metal support nanoparticles with 

superior catalytic properties [32]. BNC has already been recognized as solid support of 

palladium and copper nanoparticles in the transition metal catalyzed cross-coupling reactions 

[26]. 

While many reports have demonstrated that metallic nanoparticles such as gold, silver, 

copper and palladium supported on bacterial nanocellulose can be successfully used for various 

catalytic performances [12, 33-36], studies referring to platinum based catalysts with BNC as 

metallic carrier have been very limited [37]. Further, electrocatalytic performance for direct 

methanol fuel cells (DMFC) of carbonized bacterial cellulose-Pt composite has been investigated 

by Huang et al. [38]. Direct methanol fuel cells have been intensively assessed as very promising 

power sources due to environmental and economic advantages of methanol as a fuel. Methanol is 

a clean-burning, biodegradable fuel that can be made from a wide array of feedstocks. As a fuel 

in fuel cells technology, it comes with a high energy density (6 kW/kg), efficient combustion, 

ease of distribution and wide availability around the globe [39, 40]. 

Given that the potential of BNC in energy storage has been proved [41], the additional 

application of BNC in the area of electrochemistry was investigated for energy conversion 

purpose. The major goal of this study was to use and validate BNC as metallic nanoparticles 

support instead of carbon based platinum supports using microwave assisted, synthetic procedure 

for Pt carbon catalyst preparation. Herein, quite fast and very effective microwave assisted 

method to synthesize Pt nanoparticles deposited on bacterial nanocellulose, Pt/BNC, obtained by 

K. medellinensis has been reported for the first time. The catalytic activity was evaluated using 

the methanol oxidation reaction whereby Pt-bacterial nanocellulose supported catalyst indicated 

remarkable catalytic performance. By applying new approach, microwave reduction of platinum, 
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sustainability and environmentally friendly aspects of BNC were emphasized, which along with 

possibility of low-cost production of BNC in large quantities makes Pt/BNC catalyst suitable for 

scale-up. 

 

2. Experimental 

2.1. Bacterial nanocellulose production 

Bacterial nanocellulose (BNC) was produced using Komagataeibacter medellinensis ID13488 

strain (CECT 8140 (Spanish Type Culture collection)). Strain was cultivated in a standard 

Hestrin–Schramm medium (HS) containing 20 g/l glucose, 5 g/l peptone, 5 g/l yeast extract, 2.5 

g/L Na2HPO4 and 1.15 g/l citric acid, at pH 4.5 under static conditions for 7 days, and BNC discs 

with an 10 cm diameter were obtained from bacterial growth. Under these conditions, 6 g/l of 

BNC was produced. Discs were treated with KOH (1 M), extensively washed with deionized 

H2O until a pH of 7.0 was reached and were then dried under warm air at 45 °C for 6–8 h.  

2.2. Catalyst preparation  

Synthesis of the Pt nanoparticles supported on bacterial nanocelullose was obtained using the 

microwave-assisted polyol method. In this procedure, 1 ml of 0.05 M hexachloroplatinic acid, 

H2PtCl6, were mixed with 20 ml of ethylene glycol in a 100 ml beaker under magnetic stirring. 

Then, 0.8 M NaOH was added dropwise to adjust pH~12. The prepared solution was placed in 

the center of the microwave oven and the reduction reaction was performed by microwave 

irradiation at 700 W during 60 s. After microwave heating, the colloidal solution was mixed with 

150 ml 2 M H2SO4 and BNC suspension (20 mg of BNC was suspended in 10 ml of distilled 

water and fibrillated by ultrasonic homogenizer in three cycles for 3 min, under the frequency of 

20 kHz), and left under magnetic stirring for 3 h in order to obtain the uniform deposition of the 

colloids on the BNC substrate. The resulting suspension was filtered using a vacuum pump, 

washed and the solid residue was washed thoroughly with high purity water (Millipore, 18 MΩ 

cm) until neutral pH value was reached. The solid product (in the form of film), Pt/BNC, was 

dried in an oven at 40 °C till the constant mass was achieved. Nominal Pt loading for prepared 

catalysts was adjusted to ~ 30 mass % calculated to the catalyst mass (9.8 mg of Pt estimated 

from the 1 ml of 0.05 M hexachloroplatinic acid added to the reaction mixture). The yield (%) of 

the obtained catalyst was calculated according to equation (1):  

Yield (%) = mexp/mtheor x 100 % (1), 
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where mexp is physical mass of obtained dry, solid Pt/BNC catalyst in the form of film, while 

mtheor is theoretical value of catalyst including mass of Pt (9.8 mg) and BNC mass in feed (20.0 

mg).  

2.2.1. Synthesis of modified BNC, m-BNC 

For the comparison purpose and for the estimation of Pt amount in Pt/BNC catalyst by 

thermogravimetric analysis, modified BNC, m-BNC, was also synthesized. The identical 

synthetic procedure applied for the synthesis of Pt/BNC was used, but the step of addition of Pt 

colloid was omitted. Hence, 20.0 mg of dry BNC was suspended in 10 ml of deionized water, 

treated by ultrasonic homogenizer in three cycles for three minutes, under the frequency of 20 

kHz, then 150 ml of 2 M H2SO4 was added and the reaction mixture was left for three hours 

under vigorous stirring. The reaction mixture was filtrated, washed with deionized water and dry 

at 40 
o
C till constant mass. The yield of obtained m-BNC was high, 94 %.     

2.3. Preparation of the electrodes  

Glassy carbon (GC) disc (Sigradur-Sigri, Elektrographite, GMbH, Germany), 5 mm in diameter 

was used as a working electrode. Mechanical treatment of glassy carbon surfaces before each 

experiment has consisted of abrasion with silicon carbide papers of decreasing grain size, 

followed by polishing with alumina of 1-, 0.3- and 0.05-μm particle size, and finally washing 

with ultra-pure water. Water suspensions of synthesized catalysts with the addition of Nafion 

solution ((2 mg catalyst powder + 50 μl Nafion)/1 ml ultra-pure water, prepared in an ultrasonic 

bath) were drop cast onto the freshly polished GC surfaces (10 μl) and dried at room 

temperature. 

2.4. Characterizations 

2.4.1. ATR- Fourier Transform Infrared Spectroscopy (ATR-FTIR)  

The Fourier transform infrared spectroscopy was used to confirm the structure of bacterial 

nanocellulose before and after synthesis of Pt/BNC catalyst in microwave. All samples were 

subjected to IR-Affinity spectrophotometer (Thermo Scientific, NICOLET iS10) in an attenuated 

total reflection (ATR) mode with a resolution of 4 cm
-1

 with the predefined range of 4000 to 400 

cm
-1

 at room temperature. The number of scans was fixed to 32. 

The recorded FTIR spectra were used to calculate the degree of oxidation (DO) of BNC 

according to the following equation (2) [27] : 

DO = 0.01+0.7 x (I1630-1640 / I1029) (2), 
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where I1630-1640 and I1029 correspond to the intensity of carboxyl group and the highest absorbance 

peak (attributed to the C-O-C stretching vibrations), respectively.  

2.4.2. Differential scanning calorimetry and thermogravimetric analysis (DSC/TG) 

Coupled differential scanning calorimetry (DSC) / thermogravimetric (TG) analysis was 

performed on a TA Instruments SDT Q600. The BNC and Pt/BNC samples were measured in a 

temperature range of 25 °C to 900 °C, at the heating rate of 10 °C/min, in a nitrogen atmosphere. 

Melting temperature, Tm, and melting enthalpy, ΔHm, obtained from DSC analysis were 

calculated by TA Universal Analysis software. Weight of samples was about 3 mg. The Pt yield 

supported at BNC was estimated from the weight remained at temperature of 800 °C.   

2.4.3. Wide angle X-Ray diffraction analysis (XRD)  

The phase analysis of raw BNC and Pt/BNC catalyst was conducted by using X-ray 

diffractometer (XRD) Rigaku Ultima IV, Japan, with CuKα1 radiation (λ = 0.154178 nm). The 

X-ray diffraction data were collected over the 2θ range from 5° up to 90° with the step of 0.02° 

and scanning rate of 5°/min. The PDXL2 2.0.3.0 software with reference to the diffraction 

patterns available in the International Center for Diffraction Data (ICDD) was used for the phase 

identification and data analysis. 

2.4.4. X-Ray Photoelectron Spectroscopy analysis (XPS) 

Surface composition of Pt/BNC catalyst was investigated by XPS using SPECS Systems with 

XP50M X-ray source for Focus 500 and PHOIBOS 100/150 analyzer employing AlKα source 

(hν = 1486.74 eV) at a 12.5 kV and 32 mA. The XPS spectrum (1000–0 eV binding energy) was 

recorded at constant pass energy of 40 eV, step size 0.5 eV and dwell time of 0.2 s in the FAT 

mode. Spectra of C 1s, O 1s, and Pt 4f peaks were obtained using constant pass energy of 20 eV, 

step size of 0.1 eV and dwell time of 2s in the FAT mode. Pressure in the chamber was  set to 9 x 

10
-9 

mbar during the measurements. All peak positions were corrected with respect to the C 1s 

peak at 284.8 eV. Spectra were analyzed with commercial CasaXPS software. 

2.4.5. Transmission electron microscopy analysis (TEM) 

Transmission electron microscope (TEM) JEM-1400 with an accelerating voltage of 120 kV 

during the measurements was used for detailed characterization of the microstructure of BNC 

and Pt/BNC materials. The samples were prepared by ultrasonically treated water suspension of 

BNC and Pt/BNC and applying a drop of the suspension onto the carbon-coated copper grid. 

Images captured at different magnifications were processed by ImageJ software to estimate the 
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average diameter and Pt nanoparticles size distribution. For that purpose, more than 200 separate 

particles were measured. 

2.4.6. Atomic Force Microscopy analysis (AFM) 

The surface morphology was investigated by atomic force microscopy (AFM) with NanoScope 

3D (Veeco, USA) microscope operated in tapping mode under ambient conditions. Silicon probe 

with spring constant 40 Nm
-1

 was used. Image analysis was done by Nanoscope image 

processing software. Water suspensions of bacterial nanocellulose and Pt/BNC catalyst were 

deposited on a polished mica substrate and air-dried for 30 min. 

2.5. Electrochemical measurements 

All of the electrochemical experiments were performed at room temperature in a three-electrode-

compartment electrochemical cell with a Pt wire as the counter electrode and a bridged saturated 

calomel electrode (SCE) as reference one.  

The electrocatalytic activity of all catalysts was studied in 0.5 M H2SO4 + 0.5 M CH3OH 

solution. Methanol was added to the supporting electrolyte solution while holding the electrode 

potential at – 0.2 V. The reaction was studied at as-prepared Pt/BNC surfaces (surfaces without 

any previous treatment in the basic electrolyte). 

Long-term catalyst stability was investigated for methanol oxidation reaction during 100 cycles 

in potential range from -0.25 V to 0.9 V and by chronoamperometric measurement. Current-time 

transient curve was recorded after immersion of freshly prepared catalysts in 0.5 M H2SO4 + 0.5 

M CH3OH solution and holding electrode at 0.2 V vs SCE for 30 min.  

The electrochemical surface area (ECSA) of Pt/BNC catalyst surfaces was calculated assuming 

that during hydrogen adsorption on platinum monolayer formation of hydrogen happens and the 

total charge corresponding to monolayer was Qtot.= 210 μC/cm
2
 [42]  

All solutions were prepared from Merck p.a. reagents with high purity water. The electrolytes 

were purged with purified nitrogen prior to each experiment. AUTOLAB 

potentiostat/galvanostat PGStat 128N (ECO Chemie, The Netherlands) was used in 

electrochemical experiments. 

3. Results and discussion  

Recognized as a green platinum support with the great potential in the electrochemistry 

oxidation, BNC was successfully applied for the microwave assisted synthesis of Pt-based 

catalyst in a new synthetic route (Figure 1). For that purpose, microwave reduction of Pt(II) to 
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Pt(0) using ethylene glycol as both reducing and stabilizing agent was performed followed by the 

treatment of sulfuric acid producing Pt supported BNC film suitable for the methanol oxidation. 

Ultrasonication step was also performed to allow increased homogeneity of the material. The 

yield of the synthesized Pt/BNC catalyst was quite high, 92 %, confirming successful synthesis 

and efficiency of applied reaction conditions.  

3.1. FTIR analysis 

Fourier transform infrared spectroscopy (FTIR) is a useful tool to get rapid information about the 

changes in structure of BNC after catalyst's synthesis. The FTIR spectrum of BNC used for the 

synthesis (raw BNC) indicated typical characteristic peaks of cellulose as shown in Figure 2. The 

broad peak located in the area of 3000 to 3500 cm
-1

 in both raw BNC and Pt/BNC is assigned to 

–OH stretching vibrations, while the –C-H stretching vibrations at 2850-3000 cm
-1

 and C-O and 

–C-O-C stretching of glycoside bond in the area of 970-1160 cm
-1

 in cellulose can be also seen 

clearly [32]. In the FTIR spectrum, vibration band at 1427 cm
-1

 (attributed to the O-C-H and H-

C-H deformation) but also –C-H vibration bands at 1320 cm
-1

 and 890 cm
-1

 were confirmed as 

well [27]. The peak at wavenumber of 1640 cm
-1

 in the spectrum of raw BNC corresponds to the 

carboxylic groups in the ionized form –COO
-
Na

+
 provided by the neutralization of BNC 

suspension with sodium hydroxide, NaOH [43, 44]. Sulfuric acid used in the synthesis procedure 

provided better support for Pt nanoparticles on the BNC surface through the introduction of 

HSO3
-
 groups. Comparing the spectra of raw BNC and Pt/BNC catalyst, a new, small intensity 

peak located at 1710 cm
-1

 was detected, corresponding to the carbonyl –C=O group stretching 

indicating the oxidation of BNC after Pt/BNC synthesis[12] as a consequence of hydrothermal 

reaction upon treatment with 2 M H2SO4. Characteristic peaks coming from the –C-O and –C-O-

C stretching remained unchanged after synthesis (highlighted area in the FTIR spectrum) 

suggesting that the ring structure of BNC was not changed and the secondary hydroxyl groups on 

the ring structure remained while the oxidation mostly occurred at the primary hydroxyl groups 

due to the higher reactivity [12]. When the BNC suspension was added in the solution containing 

previously reduced Pt (0) from Pt (II) thought the microwave treatment, the electron reach, 

oxygen containing groups (-COO
-
 and -OH) behave as an anchor point to immobilize Pt 

nanoparticles by the complexion or through the electrostatic interactions [45]. Shifting of the –

COO
-
 characteristic peak from 1643 cm

-1
 to 1628 cm

-1
 suggested the existence of the interactions 

between Pt nanoparticles and abundant functional groups on the BNC surface. 
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Additionally, the degree of oxidation (DO) (Table 1) implied the significant increase from 0.14 

(calculated for raw BNC) to 0.40 for Pt/BNC defining the total amount of carboxyl groups 

introduced after the microwave synthesis of Pt supported catalyst using sulfuric acid. 

3.2. DSC analysis 

The DSC analysis depicted three distinct regions of thermal profiles with two endothermic peaks 

in the case of raw BNC, while in the case of synthesized Pt/BNC catalyst, additional exothermic 

peak was detected (Figure 3a). The first exothermic peak at 114.2 °C in the DSC thermogram of 

Pt-BNC corresponded to the heat of vaporization of adsorbed moisture. The second endothermic 

peak for all samples at higher temperatures appeared as crystalline melting temperature, Tm, of 

BNC (Table 1). Those values of the raw BNC and Pt/BNC was very similar, about 200 °C, but 

with the remarkable difference in the melting enthalpies, ΔHm, which was calculated to be 50.9 

J/g for the Pt/BNC in comparison to extremely small ΔHm of 9.3 J/g measured for the raw BNC. 

The second endothermic peak was detected at higher temperature region, between 300 and 350 

°C that corresponded to the degradation of cellulosic material, Td. In the case of catalyst Pt/BNC, 

this peak was clearly visible at temperature, Td, of approximately 341 °C, with the enthalpy of 

ΔHd = 210.3 J/g. All aforementioned results are in correlation with previous results found in 

various studies [22, 46, 47].  

 

Table 1. Results of degree of oxidation, DO, and DSC/TG analysis (melting temperature, Tm, 

melting enthalpy, ΔHm, maximum degradation temperature, Tmax)   

Sample DO
a Tm, 

o
C

b ΔHm, J/g
b Tmax, 

o
C

c Residual weight at 800 
o
C, %

c 

BNC 0.14 200.7 9.3 340/616 20.4 

Pt/BNC 0.40 200.5 50.9 328/603 56.8 

a 
according to FTIR analysis, 

b 
according to DCS analysis, 

c
 according to TG analysis

 

 

3.3. TG/DTG analysis 

Thermal stability of investigated BNC based materials and Pt/BNC catalyst was presented in 

Figure 3b. The first stage of weight loss, occurring approximately at 50 – 120 °C, was mainly 

due to evaporation of residual moisture, existing in either free or bound water [14]. The main 

thermal degradation stage, at which the highest weight loss was detected, happened at the 
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temperature range of 220 – 340 °C, when most of the cellulosic material was degraded. The 

maximum degradation temperature, Tmax, at this stage, for raw BNC was 340 °C, while the 

Pt/BNC catalyst showed Tmax at 328 °C (Table 1). The lower thermal stability of Pt/BNC was not 

surprising since the treatment with sulfuric acid during the synthesis disrupted the BNC 

structure, and the increased surface area with smaller particle size probably increased heat 

transfer rate [48]. Despite the most of cellulosic material degraded over the temperature of 400 

°C, the third thermal event, extended from 450 to 620 °C, converting cellulose to gaseous 

products and CO2 [22]. Residual mass of raw BNC at 800 °C was 20.4 %, while from the 

residual mass of the Pt/BNC it was possible to estimate the amount of absorbed platinum. In 

order to estimate the amount of Pt with the most precision, modified BNC, m-BNC, was 

synthesized, when identical reaction conditions were applied without the addition of platinum. 

Modified BNC had a residual mass of 26.5 %, and Pt/BNC had 56.8 % of residual mass at 800 

°C. According to TGA results, 30 mas% of Pt was absorbed on BNC as support, which perfectly 

meet the targeted value of 32 %, confirming the successful microwave assisted synthesis of 

Pt/BNC catalyst. Thermal degradation profile of m-BNC differed greatly in comparison to raw 

BNC and Pt/BNC, with the decreased thermal stability (Tmax at 227 °C followed by the small 

degradation peak at 374 °C) which is probably due to the introduction of carboxylic groups on 

the surface, similar like with the TEMPO oxidized BNC [49]. Although the same procedure was 

applied for the synthesis of Pt/BNC catalyst, Pt/BNC indicated better thermal stability in 

comparison to m-BNC, which could be explained by the interactions between Pt and BNC 

proved by FTIR analysis.   

The thermogravimetric analysis provided information on the carbon content of the samples. 

Carbonization efficiency, CE (%), of raw BNC and m-BNC (modified by 2M H2SO4, equal to 

BNC in Pt/BNC catalyst), could be calculated from weight loss at different annealing 

temperatures [50]. At the starting annealing temperatures up to 350 
o
C, reduce in weight occurs 

due to the loss of water and moisture in material, while sharp weight loss, when the most of the 

mass was reduced, occurs at temperature interval of 350 
o
C to 600 

o
C which was ascribed to the 

combustion of residual carbon (depolymerisation of cellulose) [51]. The results presented in 

Figure S1 demonstrated that the carbon content after 350 
o
C of m-BNC was higher, CE of 42 %, 

in comparison to raw BNC, CE of 32 %, and this trend could be observed up to 800 
o
C (when CE 
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of BNC was 21 % and CE of m-BNC was 31 %) confirming the higher carbonization efficiency 

of the modified BNC. 

 

3.4. XRD analysis 

The XRD diffraction patterns of the native, raw BNC and catalyst Pt/BNC are presented in 

Figure 4. In the recorded diffractogram of raw BNC, four diffraction peaks were detected. Three 

2θ diffraction peaks at 14.7
o
, 16.9

o
 and 22.9

o
 are attributed to the crystallographic planes (1  0), 

(110) and (200), respectively, and these three characteristic peaks are prevalent in cellulose with 

triclinic crystal lattice [22] [52]. Peak at 2θ = 34.3
o
 corresponds to the plane (004) verifying 

monoclinic crystal structure of cellulose. The type of the crystal lattice depends on the 

nanocellulose sources and the obtained results are in agreement with previous studies [53].  

In the XRD crystal patterns of Pt/BNC catalyst, BNC characteristic diffractions peaks of the 

highest intensity (2θ around 14.7
o
 and 22.9

o
) were preserved, while other peaks were 

characteristic diffraction peaks of fcc platinum crystal structure at 40.5
o
 (111 plane), 46.6

o
 (200 

plane), 67.8
o
 (220 plane) and at 81.6

o
 (311 plane) [54, 55]. Furthermore, no shifting of the 

detected BNC diffraction peaks position in Pt/BNC diffractogram was detected indicating that 

the dimension of crystal lattice stayed unaltered. In addition, by applying PDXL2 2.0.3.0 

software, it was possible to estimate the Pt crystallite size in the synthesized Pt/BNC which was 

about 1.8 nm. Pt crystallite size depends on various parameters such as type of support, 

preparation method, reaction conditions, presence of other metals, amount of reducing and 

stabilizing agents, etc.), and the calculated value of 1.8 nm is close to those obtained for Pt/C 

catalyst (2.9 nm) [56] while it is remarkably lower to those obtained by B.Ruiz-Camacho et al. 

[57] who find the crystallite size of 10.1 nm for Pt/C and 8.1 nm for Pt supported on carbon 

nanotubes. The amount of capping agent in synthesis notably defines the crystallite size, and for 

the Pt/C catalyst it varies from 2 nm to 6 nm depends on amount of used capping agent [55].  

 

3.5. XPS analysis  

In order to evaluate the chemical state of platinum nanoparticles, synthesized Pt/BNC catalyst 

was submitted to X-ray photoelectron spectroscopy analysis. Recently, this technique has been 

very popular for the surface identification of polymers, but its main disadvantage is that it 

identifies only few nanometers and assumes the identity of the bulk. Moreover, in the case of 
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organic materials, like BNC, sample deterioration due to high vacuum and exposure to X-ray 

could happen, while charging might induce significant changes in carbon and oxygen peak 

shapes [58]. However, XPS provides an important information of surface composition and 

oxidation state of metals, and further indicate the success of metallic nanoparticles deposition on 

BNC surface as solid support. The XPS spectra of Pt/BNC catalyst is presented in Figure 5. In 

the survey spectrum of the sample (Figure 5a), presence of carbon (C 1s), oxygen (O 1s, O 2s) 

and platinum (Pt 4f) was confirmed. By using CasaXPS software, C 1s peak was deconvoluted 

into three curves (Figure 5b), where peak at 284.4 eV is attributed to C-C bond from 

glucopyranose ring, while peak at 284.9 eV corresponds to single –C-O- bond. At the highest 

binding energy, 285.8 eV, green peak is ascribed to -C=O [59]. The highest binding energy peak 

of O 1s was also analyzed by dividing into three peaks at 530.7 eV, 531.1 eV and 532.0 eV 

(shown in Figure 5c) that could correspond to -C=O, C-O and –O-H bands, respectively [51]. 

The Pt-BNC catalyst shows two main peaks at binding energy values of 74.4 eV and 71.1 eV 

which could be assigned to Pt
0
 4f5/2 and Pt

0
 4f7/2, respectively. The deconvolution of platinum 4f 

spectrum suggested that Pt
2+

 and Pt
4+

 species were converted into Pt
0
 over microwave reduction. 

The content of metallic Pt
0
 in support depends on various parameters: reduction method 

(pyrolysis, reduction chemical agents, microwave), interaction between metallic particles and 

support, particles size [60-62]. Absence of other peaks except those related to metallic Pt provide 

the evidence of efficient microwave assisted reduction. 

 

3.6. AFM analysis 

Dimensions and geometry of BNC materials and Pt/BNC catalyst were examined by the AFM 

technique and are shown in Figure 6a. BNC forms a film with a nanofibers structure where 

nanofibers have a high aspect ratio and thus a highly developed surface. As a result of the 

interaction between the nanocellulose particles, the nanofibers form a network. In addition, it 

was experimentally found that the diameter of separate nanocellulose fibers ranges from 100 nm 

to 140 nm, and their length is ~ 1μm. The diameter of separate nanofibers is within the range of 

40 nm. AFM image of Pt deposited on BNC reveals a structure composed of spherical shaped 

agglomerates with a pretty uniform size of ~ 300 nm. After the deposition of Pt particles on BNC 

support, diameter of separate BNC nanofibers remained unchanged. 
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3.7. TEM analysis 

The microstructure of raw BNC and catalyst Pt/BNC was investigated by TEM analysis and the 

captured bright-field images are presented in Figure 6b. The raw BNC indicated very porous 3-

dimensional structure. Microstructure of the BNC in the catalyst Pt/BNC was different in 

comparison to raw BNC, since the BNC passed through the mechanical disintegration and 

chemical treatment (hydrothermal reaction) over the synthetic procedure. Therefore, fine, smooth 

BNC structure was disintegrated into small fragments that formed compact, plane structure with 

clearly visible Pt particles supported on its surface (appeared as small, black dots). The obtained 

less fibrous BNC structure in catalyst is due to the both delamination process which diminished 

the interlayer hydrogen bonding between the cellulose polymer chains (hydrogen bonding was 

also interrupted after treatment of H2SO4), but also due to the formation of BNC gel well 

dispersed in aqueous solution used for the TEM samples' preparation. Despite few visible 

aggregates of Pt particles, more separate, well dispersed Pt particles were also captured with 

quite uniform distribution and the dominant particles sizes of (3.4 ± 1.04) nm (histogram of 

particle size distribution showed in Figure 6b). 

 

3.8. Electrochemical performance of the catalysts 

The electrochemical behavior of Pt/BNC catalyst was determined by cyclic voltammetry 

measurements. The basic cyclic voltammogram of Pt/BNC catalyst is illustrated in Figure 7a. 

Figure 7a shows the cyclic voltammograms curves (CV) for the as-prepared Pt/BNC catalyst. 

The voltammogram is similar to the voltammograms that can be found in the literature for 

platinum catalysts synthesized in the same way on high area carbon surfaces [63, 64]. The 

potential region from -0.25 V to 0.1 V presents hydrogen adsorption/desorption region. As can 

be seen from the hydrogen region, characteristic peaks that should denote (110) and (100) sites 

of polycrystalline Pt particles [65] are not clearly discernible. This can be explained by the fact 

that Pt/BNC catalyst are applied on GC surface from water suspension and dried in the air, so 

different oxygen and/or carbon-containing species are probably adsorbed at catalysts surface 

containing low coordinated Pt atoms. Vaguely defined peaks are a consequence of displaying the 

first cyclic voltammogram of Pt/BNC.  

The shapes of the CV for BNC is typical for nanocelulose materials and in the potential region 

between the oxygen evolution and hydrogen adsorption shows that no reactions occurred, other 
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than electrostatic charging and discharging. CV for Pt/BNC catalyst obtained in the first cycle 

(as-prepared Pt/BNC electrode) and CV recorded after electrochemical treatment comprising 30 

cycles in the supporting electrolyte (oxide-annealed Pt/BNC electrode) were presented in 

Supplementary file (Figure S2). 

 

3.9. Methanol oxidation  

The methanol oxidation reaction can take place in one of two reaction ways illustrated in the 

Scheme 1: 

 

 

 

Scheme 1. Methanol oxidation reaction pathways. 

The ideal methanol oxidation reaction in DMFCs would be direct oxidation of methanol to CO2 

and transfer of six electrons. However, the overall reaction for methanol oxidation occurs in the 

few steps with main processes being the adsorption of methanol and its dehydrogenation, 

followed by adsorption of carbon-containing intermediates such are COads , water 

dehydrogenation, formation of OHads which are necessary for COads  oxidation and finally 

production of CO2 [66-68]. The intermediate product COads is always present in the real process, 

it blocks the catalysts surface, covers the active sites and decrease catalyst performance. 

Oxidation of COads starts when oxygen-containing species obtained in the interaction of water 

with platinum are produced in a sufficiently large quantity to giving CO2 in the Langmuir-

Hinshelwood type of reaction (equation 3) [55, 69, 70]: 

COads + OHads → CO2 + H
+
 + e

-
.    (3) 

Thus, effective removal of COads will have a great influence on the methanol oxidation activity. 

The activity of the Pt/BNC catalyst for methanol oxidation was evaluated from potentiodynamic 

measurements (Figure 7b). 

Figure 7b shows that the methanol oxidation reaction starts in the region where the hydroxyl ion 

adsorption occurs (0.15V), which are also quite low potential values and indicate good catalyst 

activity. The Pt/BNC catalyst has negative shifts of the onset and peak potentials in comparison 

to Pt/C-E-TEK commercial catalyst which indicate that Pt/BNC catalyst is able to significantly 

reduce the over-potential for methanol oxidation. These improvements can be attributed to the 

CH
3
OH →adsorbed intermediates→ CO

ads
 

HCHO, HCOOH    →   CO
2
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presence of oxygen containing functional groups on the BNC surface, actually to the effective 

functionalization of BNC support over synthesis process. It is well known that –OH groups are 

active intermediates in the methanol oxidation [71]. Applied synthesis procedure provided the 

increase of acidic functional groups (-COO
-
) on the support improving the interactions of Pt 

particles and BNC and also increasing the fraction of oxygen-containing species (-OH) on 

Pt/BNC catalyst [7]. Further, most of the studies imply that optimal Pt particles' size required for 

the effective catalyst activity is below 4 nm. According to TEM analysis results, Pt particles' size 

of the obtained Pt/BNC catalyst were ~ 3.4 nm (Figure 6) additionally contributing to the high 

catalytic activity in methanol oxidation reaction. The potential maximum is on ~ 0.55 V which is 

in accordance with literature data for the methanol oxidation on platinum catalysts supported on 

high area carbon materials [69, 70].  

The peak current densities for methanol oxidation reaction are 0.82 mA/cm
2
; 0.48 mA/cm

2
; 1.48 

mA/cm
2
; for Pt/BNC, Pt/C and Pt/C E-TEK catalyst, respectively. 

Electrocatalytic stability of the Pt/BNC catalyst was examined by prolonged cycling (100 cycles) 

as well as by chronoamperometric measurements in H2SO4/CH3OH solution. Lowering of initial 

activity after 100 cycles in methanol oxidation reaction is shown in Figure 7c. It can also be 

observed that the peak current in the forward (anodic) scan is higher than in the reverse 

(cathodic) scan for both the initial and the 100th cycle. It is well known that the peak current in 

reverse scan is related to the removal of the incomplete oxidized carbonaceous species, such as 

CO, HCOO
-
 and HCO

-
, accumulated on the catalyst surface during the forward anodic scan.  CO 

is a crucial unwanted intermediate of methanol oxidation which can poison Pt catalyst for the 

methanol oxidation. As a result, the ratio between the forward and reverse scan peak currents 

(jf/jb) can be used to define the tolerance of the catalyst to CO [70, 72, 73].  

A low jf/jb value usually indicates poor oxidation of methanol to CO2 during the forward anodic 

scan and excessive accumulation of residual carbon species on the catalyst surface. On the other 

hand, a higher jf/jb ratio is indicative of improved CO tolerance. Actually, a higher ratio 

corresponds to a lower jb peak, which suggests that less unwanted CO molecules are adsorbed on 

the catalyst surfaces. 

As the number of cycles increases, participation of direct path in methanol oxidation reaction 

decreases, while the role of indirect path increases.  In our study, Pt/BNC catalyst shows slightly 

better jf/jb value (jf/jb = 1.62) than Pt/C catalyst synthetized by the same method but with Carbon 
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Vulcan XC as a support (jf/jb = 1.45). In comparison to commercial Pt/C E-TEK (jf/jb = 0.99) 

Pt/BNC catalyst has better jf/jb value since mass loading of Pt in Pt/C E-TEK catalyst is 

significantly higher than in Pt/BNC catalyst [74]. Moreover, Pt/NC catalyst synthetized using 

similar microwave-assisted polyol method in ethylene glycol solution from green biomass 

chitosan and carbon black as a support appears to have lower values of both jf/jb (0.98) and jf max 

(0.38 mA/cm
2
) in comparison to Pt/BNC [75]. The electrochemical performances comparison 

with Pt catalyst supported on N-doped carbon nanofibrous networks (prepared by ecofriendly 

precursors, bacterial cellulose and urea), Pt/NBC-1000, indicated slightly lower values of jf/jb but 

higher jf max compared to synthesized Pt/BNC [76].  

This suggests that the Pt/BNC catalyst is capable of efficiently oxidizing methanol molecules, 

i.e. generating less poisoning species, thus providing better CO tolerance. All values for jf/jb ratio 

are summarized in Table 2. 

 

Table 2. Peak currents ratio between the forward and backward scan (jf/jb) obtained for Pt/BNC, 

Pt/C, Pt/C Tanaka, Pt/NC and Pt/NBC-1000  catalysts.  

Catalyst 
Pt/BNC Pt/C [70] 

 Pt/C E-TEK 

[74]  
Pt/NC [75]  

Pt/NBC-1000 

[76]  

(30 %wt Pt) (25 %wt Pt) (47 %wt Pt) (20 wt% Pt) (18 wt% Pt) 

jf/jb  1.62 1.45 0.99 ~ 0.98 1.06 

jf max (mA/cm
2
) 0.82 0.48 1.48 0.38 0.94 

 

It should be also noticed that the initial part of the anodic curve for the first cycle of the Pt/BNC 

catalyst appears a slight indication of the voltammetric characteristic of the hydrogen desorption 

region. Its presence indicates that the surface of the catalyst is not blocked by products of 

dissociative adsorption of methanol, during the application of a potential of -0.2 V on the 

working electrode for 3 min before the start of cyclization of the electrode in the potential range 

from -0.2 V to 0.9 V.  

Testing of the tolerance of the synthesized catalyst to catalyst deactivation during the methanol 

oxidation by chronoamperometric measurement, shows a good agreement with the 

potentiodynamic tests (Figure 7). The current drops sharply at the beginning of the experiment, 

and then the current decreases very slightly during the duration of the experiment. The decrease 

in activity is related to accumulation of unwonted intermediate species, especially of the 
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adsorbing CO species on the Pt/BNC surface. Both stability test reactions are in a very good 

agreement with our previously published results in which the Pt/C catalyst is synthetized by 

microwave assisted method on the Carbon XC Vulcan support. The obtained results for Pt/BNC 

catalyst again prove the lower poisoning, indicating better stability and higher tolerance to CO-

like intermediates. 

 

4. Conclusions  

Platinum nanoparticles deposited on BNC as a green supporting material were successfully 

synthesized by the microwave irradiation method, which was the first time that microwave 

assisted synthetic procedure was applied for Pt/BNC system. FTIR analysis confirmed the 

interactions between Pt nanoparticles and functional groups on BNC surface, but also the 

additional functionalization of BNC through the synthesis of catalyst due to the sulfuric acid 

treatment. The amount of Pt adsorbed on BNC surface was calculated to be ~ 30 mas%, 

according to TG/DTG analysis, coupled with almost quantitative yield indicated successful 

synthesis of Pt/BNC catalyst and the significance of the synthetic procedure. Successful 

deposition of Pt nanoparticles was additionally proved by XRD analysis. Further, XPS and TEM 

analysis confirmed the presence of peaks related to metallic Pt and that Pt nanoparticles were 

well dispersed onto BNC surface with the particles size of 3.4 mm.  Importantly, Pt/BNC catalyst 

was validated for the potential application in the fuel cells for methanol electro-oxidation 

reaction. Successful methanol oxidation, high catalytic activity, negative shift of the onset 

potential, stability, great tolerance to CO species, of Pt/BNC catalyst suggest BNC as suitable 

alternative for carbon based materials as Pt support. The observed great catalytic activity in 

methanol oxidation, comparable with those obtained for Pt-carbon supported catalysts, directs 

toward wider use of green supporting material, BNC, for deposition of metallic nanoparticles, 

and its application in electrocatalysis. Findings presented in this study are very encouraging for 

the ongoing researches in the area of metallic particles-BNC catalytic systems. 
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Figure captions 

Figure 1. Schematic illustration of synthetic procedure of Pt/BNC catalyst. 

 

Figure 2. FTIR analysis of the raw BNC and Pt/BNC.  

 

Figure 3. a) DSC thermograms of raw BNC and Pt/BNC catalyst, b) TGA curves and inserted 

DTGA curves of BNC, modified BNC, m-BNC, and Pt/BNC catalyst. 

 

Figure 4. XRD difgractograms of BNC and Pt/BNC catalyst. 

 

Figure 5. a) 2D images and section analysis of BNC (2 × 2 × 0.25 μm) and Pt/BNC (1 × 1 × 

0.2 μm) and b) TEM images of raw BNC (magnification of 80k) and Pt/BNC catalyst 

(magnification of 100k). 

Figure 6. XPS analysis: a) survey spectrum of Pt/BNC catalyst, b) deconvoluted C 1s spectrum, 

c) deconvoluted O 1s spectrum, and d) deconvoluted Pt 4f spectrum.  

Figure 7. a) Cyclic voltammogram of as-prepared Pt/BNC catalyst in 0.1 M H2SO4, v = 50 

mV/s, b) cyclic voltammogram recorded in 0.5 M CH3OH + 0.1 M H2SO4 at Pt/BNC catalyst, v 

= 50 mV/s, c) Long-term stability for the first and 100
th

 sweep (black line represents 1
th

 sweep 

and blue line is 100
th

 sweep) H2SO4/CH3OH solution and d)chronoamperometric measurement 

for Pt/BNC catalyst in H2SO4/CH3OH solution. 
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Figure 4 
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Figure 7 
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Highlights 

 The new platinum supported bacterial nanocellulose catalyst (Pt/BNC) was successfully 

synthesized by microwave assisted method. 

 The implementation of new catalyst was investigated for methanol oxidation reaction 

where desirable catalytic activity was achieved. 

 Potential substitution of carbon based materials in the electrochemistry area as platinum 

nanoparticles support with the green one, bacterial nanocellulose. 
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