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Graphical abstract 11 

Abstract: Nitrogen functionalized carbon has received widely research interest because 12 

of their remarkable performance. In this paper, 1H-benzotriazole functionalized carbon 13 

(BTA-C) is fabricated and used as support to immobilize Pd nanoparticles. The 14 

physical characterization results demonstrate that the Pd nanoparticles uniformly 15 

disperse on the BTA-C. Because of the good effect of BTA functionalization, the as-16 

prepared Pd/BTA-C catalyst has larger electrochemically active surface area 17 

contrasted to Pd/C. Meanwhile, the electrochemical test results indicate that the 18 

Pd/BTA-C possesses high activity (more than 1.8 times), lower onset potential 19 
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(negative 90 mV) and better stability than that of Pd/C counterpart in ethanol 20 

oxidation reaction. All results imply that the Pd/BTA-C is a promising candidate 21 

electrocatalyst in direct ethanol fuel cells. 22 

Key words: Pd nanoparticles; 1H-benzotriazole; Nitrogen-functionalized-carbon; 23 

Ethanol oxidation 24 

1. Introduction 25 

Recently, direct ethanol fuel cells (DEFCs) have received increasing interest as a 26 

promising energy source due to low toxicity, low membrane permeability and high 27 

energy density [1-3]. However, the electrocatalyst seriously hinders the 28 

commercialization of DEFCs. Although Pt-based catalyst is recognized as the best 29 

catalyst [4], its application is limited by easy poisoning, high cost and low abundance 30 

of Pt [5-7]. Therefore, Pd-based catalysts seem to be more promising [8-12].  31 

The supports would influence the size and dispersion of Pd, which further affect 32 

catalytic property [13]. Carbon black is the most commonly used electrocatalyst 33 

support [14-15]. Nonetheless, the dissolution and aggregation of metal nanoparticles 34 

on carbon could lead to obvious activity loss [16]. Therefore, alternative supports are 35 

highly desirable [17].  36 

Surface functionalization with selected molecular is an effective approach to 37 

manipulate and optimize the performance of carbon supports. More and more 38 

attentions are focused on the nitrogen functionalization because nitrogen has a 39 

comparable atomic size and five valence electrons for bonding with carbon atoms 40 

[18]. Nitrogen functionalization can modify interfacial and electronic properties of 41 
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carbon materials [15, 19]. It could also improve the dispersion of catalyst particle, 42 

decrease the particle size and enhance intrinsic catalytic activity [20]. More 43 

importantly, nitrogen-containing carbon has high surface nucleation sites that allows 44 

it can serve as active sites for anchoring metal particles, strengthening the metal-45 

support interaction and leading to a high stability [21]. Recently, D-glucosamine 46 

hydrochloride, dimethyldiallylammonium chloride, polyvinylpyrrolidone, polyaniline 47 

et.al [11, 22-25], have been used to introduce the nitrogen-groups on the carbon 48 

materials, which immobilize Pd nanoparticles in electrocatalysts. Accordingly, they 49 

exhibit excellent activity and stability in ethanol oxidation reaction (EOR). 50 

1H-Benzotriazole (BTA) is a bifunctional molecule with a phenyl group and an 51 

amino functional group, which could strongly interact with the carbon material. 52 

However, as a commonly nitrogenous substance, the BTA is rarely reported to 53 

prepare nitrogen-containing carbon and further loads noble metal nanoparticles. In 54 

this study, carbon black is functionalized using BTA in solvent at room temperature 55 

and further loads Pd nanoparticle (Pd/BTA-C) used as catalyst for EOR. The large 56 

electrochemically active surface area, low onset potential, high electrocatalytic 57 

activity and stability imply that Pd/BTA-C is a promising candidate electrocatalyst in 58 

DEFCs. The simplicity and effectiveness of BTA-C could also be applied for 59 

preparing other high-performance electrocatalysts. 60 

2. Experimental 61 

2.1 Preparation of catalyst 62 

2.1.1 Synthesis of BTA-C support 63 
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1H-Benzotriazole (0.1 g) was dissolved in 50 ml ethanol. Then the pretreated 64 

carbon black (0.5 g) was added and dispersed using an ultrasonic bath, stirred for 18 65 

h. Then Rotary Evaporator (RE-2000B) was used to dislodged the ethanol and the 66 

remained solid was dried at 50 ℃ for 7 h. Finally, the novel support was obtained, 67 

which is named as BTA-C. 68 

2.1.2 Preparation of catalyst 69 

PdCl2 (41.7 mg) was dissolved with hydrochloric acid in 100 ml flask. Then 30 70 

ml ethylene glycol (EG) and sodium citrate (150.0 mg) were added and stirred for l h. 71 

After the pH value of the solution was adjusted to ~8 by adding 5 wt % KOH / EG 72 

solution, the BTA-C (100.0 mg) was added to the flask with stirring and dispersing in 73 

an ultrasonic bath for 0.5 h, respectively. Following, the suspension was heated at 74 

160 ℃ for 6 h under nitrogen protection. Then it was centrifuged, filtrated and dried 75 

at 50 ℃ for 12 h. Finally, the Pd (20 wt %)/BTA-C catalyst was obtained. The similar 76 

method was used to synthesize Pd (20 wt %)/C as a reference. 77 

2.2 Characterization of catalysts and catalytic tests 78 

The crystallinity of catalysts was characterized by X-ray diffraction (XRD). It 79 

was recorded on a Rigaku D/Max-2400 (Japan) diffractometer, using Cu Ka radiation 80 

operated at 40 kV and 150 mA. The morphology and structure of samples were 81 

examined by Transmission electron microscopy (TEM). They were performed on an 82 

Electron Microscope (Tecnai G2 F20 S-TWIN TMP America). The surface 83 

compositions and states of elements were determined by X-ray photoelectron 84 

spectroscopy (XPS). It was carried out on an X-ray photoelectron spectrometer (Thi-85 
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5702 America) with a monochromatic Al Kα X-ray source (hv = 29.35 eV).  86 

An Autolab electrochemical work station (PGSTAT128N, Eco Chemie, 87 

Netherlands) was used to perform the electrochemical experiments, including cyclic 88 

voltammetry, chronoamperometric response and linear sweep voltammetry. A 89 

conventional three-electrode cell was used, including an Ag/AgCl electrode as a 90 

reference, a platinum wire as a counter and a modified glassy carbon (5 mm in 91 

diameter) as a working electrode. The working electrode was prepared as follows: 5 92 

mg catalyst was dispersed in 1 ml Nafion / Ethanol (0.25 % Nafion). 8 μl suspensions 93 

were quantitatively transferred to the surface of polished glassy carbon electrode. 94 

Before each measurement, the solution was purged with high-purity nitrogen gas 95 

for at least 10 min to ensure the gas saturated. In this study, the current was all 96 

normalized to Pd mass. 97 

3. Results and discussion 98 

3.1 Physical characterization  99 

The crystal structure of as-prepared Pd/C and Pd/BTA-C was characterized 100 

by XRD. As displayed in Fig. 1, the broad peaks at about 22.5◦ can be indexed to 101 

the (002) reflection of carbon support. Meanwhile, the diffraction peaks at 40.0◦, 102 

46.4◦, 68.0◦, 82.0◦ and 86.4◦ correspond to the (111), (200), (220), (311) and (222) 103 

planes of the face-centered cubic (fcc) structure of Pd, respectively. Obviously, 104 

these peaks for Pd/C and Pd/BTA-C have no much difference. It implies that 105 

nitrogen functional groups on carbon support has no influence on the crystal 106 

structure of Pd. 107 
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    XPS is a powerful tool to identify the elements’ states. Fig. 2(a) shows the XPS 108 

spectrum of Pd/BTA-C. From the curve, distinct C 1s, N 1s, O 1s and Pd 3d 109 

signals can be recognized. The N 1s spectrum (Fig. 2(b)) around 400 eV can be 110 

de-convoluted into four peaks. It represents four types of bonding configurations 111 

of nitrogen within carbon structures: pyridinic-N (398.7 eV), pyrrolic-N (400.4 112 

eV), graphitic-N (401.2 eV) and N-oxides of pyridinic-N (402.8 eV). The 113 

proportional amounts of pyridinic-N, pyrrolic-N, graphitic-N and N-oxides of 114 

pyridinic-N estimated by the peak were 2.0 %, 72.5 %, 21.9 % and 3.6 %, 115 

respectively. 116 

The XPS spectra of C 1s ranging from 280.0 eV to 295.0 eV reveal the 117 

formation of various surface groups on the Pd/C (Fig. 3(a)) and Pd/BTA-C (Fig. 118 

3(b)). The spectra could be deconvoluted into four components: C-C at 284.8 eV 119 

(labeled as C1), C-OH at 285.9 eV (labeled as C2), C-N at 287.1 eV (labeled as 120 

C3) and C-C=O (labeled as C4) at 289.0 eV. As can be seen from Tab. 1, the 121 

amount of C-N groups is increased on the carbon after BTA functionlization. 122 

Additionally, the decreased amounts of C-C and increased C-OH imply that 123 

functionalization not only introduces BTA on carbon but also increases the 124 

functional oxygen groups [26]. 125 

As shown in Fig. 3(c) and 3(d), the Pd in catalysts is composed of various 126 

chemical states. The Pd 3d5/2 spectrum is fitted with four symmetrical peaks 127 

around 335.4 eV (assigned to Pd0), 336.2 eV (assigned to Pd(OH)x)), 337.2 eV 128 

(assigned to PdO) and 338.0 eV (assigned to PdO2) [27]. The results of the XPS 129 
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analysis are summarized in Tab. 2. Compared to Pd/C, the Pd/BTA-C sample 130 

shows a slightly higher level of Pd0. This finding is consistent with literature [27] 131 

and would lead to enhanced catalytic properties for the EOR. 132 

The morphology of the as-prepared catalysts was characterized by TEM. Fig. 133 

4 displays the typical TEM images of the Pd/C and Pd/BTA-C. Obviously, the 134 

black is the Pd nanoparticles and the gray area is carbon support. It can be seen 135 

that the Pd nanoparticles are uniformly dispersed on BTA-C (Fig. 4(b)). While on 136 

carbon (Fig. 4(a)), some agglomeration are observed. The selected area electron 137 

diffraction (SAED) patterns (inserted) identify that two catalysts are 138 

polycrystalline structure [28]. The distribution histograms of Pd nanoparticles in 139 

Pd/C (Fig. 4(c)) and Pd/BTA-C (Fig. 4(d)) were obtained by measuring about 100 140 

randomly selected particles. The mean size of Pd for Pd/C and Pd/BTA-C is 9.4 + 141 

0.6 nm and 7.8 + 0.4 nm, respectively. Apparently, the results reveal that the BTA-142 

C is more capable of forming well-dispersed metal particle [29], which would be 143 

beneficial to EOR. Fig. 4(e) and 4(f) show high-resolution TEM images of Pd/C 144 

and Pd/BTA-C catalysts. Obviously, both of them have good crystalline structures 145 

with the continuous ordered lattice fringes. The lattice spacing is 0.22 nm for Pd/C 146 

and Pd/BTA-C, respectively, which corresponds to the distance of the (111) 147 

crystal plane of the Pd (fcc).    148 

3.2 Electrochemical measurements  149 

The cyclic voltammetry of Pd/BTA-C was preliminarily investigated in 0.1 M 150 

KOH solution at a scan rate of 50 mV s-1. As shown in Fig. 5(a), the oxidation peak 151 
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potential of Pd/BTA-C is about -0.56 V (vs. Ag/AgCl) and a broad reduction peak is 152 

around -0.27 V (vs. Ag/AgCl). Meanwhile, the peaks appear at -0.48 V and -0.25 V 153 

(vs. Ag/AgCl) for Pd/C, respectively. The difference of peaks may be attributed to the 154 

different supports. 155 

As the activity of a catalyst is not only controlled by the catalytic properties but 156 

also by the surface area [30]. The electrochemically active surface area (EASA) has 157 

also been measured by determining the columbic charge for the reduction of 158 

palladium oxide. The EASA was calculated by using the equation follows [31]: 159 

EASA = Q / SI 160 

Q is the columbic charge; 161 

S is a constant (0.405 mC cm-2); 162 

I is the catalyst loading of Pd. 163 

The EASA are accounted to be 312.8 cm2 mg-1 Pd and 583.0 cm2 mg-1 Pd for Pd/C 164 

and Pd/BTA-C, respectively. High EASA of Pd/BTA-C originates from the good 165 

dispersion of Pd nanoparticles and small Pd particle size, as well as probably a good 166 

conductivity of the BTA-C [12].  167 

To further confirm the high catalytic activity of Pd/BTA-C, Fig. 5(b) shows the 168 

EOR results. There are two well-defined current peaks in catalysts. The anodic peak 169 

during the forward scan is caused by the electrocatalytic oxidation of ethanol. The 170 

current density of Pd/BTA-C (0.18 A mg-1 
Pd) is almost 1.8 times higher than that of 171 

Pd/C (0.10 A mg-1 
Pd). During the backward scan, the Pd oxides commence to be 172 

reduced at -0.25 V (vs. Ag/AgCl), which is attributed to the removal of reaction 173 
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intermediates [32]. The higher electrocatalytic activity for EOR on Pd/BTA-C than 174 

that of Pd/C shows Pd has a larger utilization in BTA-C, in agreement with the TEM 175 

results. Moreover, the onset potential of Pd/BTA-C (-0.61 V vs. Ag/AgCl) is 176 

remarkably lower than that of Pd/C (-0.52 V vs. Ag/AgCl). These indicate that the 177 

functionalization of BTA on carbon enhances electrocatalytic capability compared to 178 

Pd/C. Tab. 3 compares the performance of Pd/BTA-C with other nitrogen-containing 179 

carbon supported Pd catalyst towards EOR.   180 

The electrochemical stability of these catalysts for EOR was then investigated by 181 

chronoamperometric experiments at -0.2 V (vs. Ag/AgCl). As shown in Fig. 5(c), it 182 

shows a gradual decrease in the oxidation current density with time in catalysts. The 183 

Pd/BTA-C exhibits a slower current decay over entire time scale in comparison with 184 

Pd/C. It proves a high tolerance to the carbonaceous species generated during EOR. 185 

Values after 3000 s, as shown in Fig. 5(d), are 0.020 A mg-1 Pd and 0.026 A mg-1 Pd on 186 

Pd/C and Pd/BTA-C, respectively. These indicate that the Pd/BTA-C catalyst is much 187 

more poisoning tolerant than Pd/C [33].                                                                   188 

Fig. 6(a) shows a typical linear sweep voltammogram in 0.1 M KOH + 0.5 M 189 

C2H5OH solution. To reduce the mass transfer effect and derive kinetic parameters as 190 

much as possible, the scan rate is 1 mV s-1, which is close to a steady-state 191 

polarization curve of the EOR on the Pd electrode [34-35]. Apparently, the oxidation 192 

current on the Pd/BTA-C is much larger than Pd/C. The corresponded Tafel plots 193 

ranged from -0.42 V to -0.12 V (vs. Ag/AgCl) are displayed in Fig. 6(b). Each plot 194 

could be fitted and divided into two linear regions according to the respective Tafel 195 
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slope. The values are 233.2 mV dec-1 vs. 204.2 mV dec-1 in low potential ranges and 196 

409.7 mV dec-1 vs. 400.6 mV dec-1 in high potential ranges for Pd/C and Pd/BTA-C, 197 

respectively. The Tafel slopes suggest the similar reaction mechanism and rate 198 

determining step for the EOR at these potential ranges. Similar to methanol, the first 199 

step of the EOR is the cleavage of O-H bond, forming ethoxy species CH3CH2O. 200 

Further transformation of ethoxy species gives acetaldehyde CH3CHO which then can 201 

be oxidized by numerous reactions, forming several kinds of carbon oxides, such as 202 

acetate ion, acetone, crotonaldehyde, other hydrocarbons, carbonate ion, carbon 203 

monoxide, carbon dioxide and so on. These intermediates are adsorbed on the surface 204 

of catalyst at lower potentials and the EOR could proceed when Pd-OH is generated 205 

on the catalyst surface by dissociative adsorption of H2O [36-38]. 206 

All of the above data reveal that the Pd/BTA-C exhibits enhanced catalytic 207 

activity for EOR. It is worthwhile to say that high activity in electrochemical 208 

performance observed here can probably be attributed to the BTA-C. The BTA is a 209 

bifunctional molecule with a phenyl group and an amino functional group. 210 

Introduction of nitrogen contained in BTA on carbon allows strong immobilization of 211 

Pd nanoparticles due to strong cordination interactions between Pd and nitrogen [39], 212 

leading to good dispersion and small size of Pd nanoparticles. It could provide more 213 

active sites for EOR and increase the utilization of Pd. In addition, the long pair 214 

electrons in nitrogen atoms increases the electronic conductivity of carbon substrate 215 

[40]. Meanwhile, the nitrogen could influence the spin density and charge distribution 216 

of the neighboring carbon atoms. This charge localization is conducive to help 217 
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participate in catalytic reactions directly [15]. Therefore, the Pd/BTA-C has high 218 

stability and enhanced activity for EOR. 219 

4. Conclusion 220 

In summary, 1H-benzotriazole functionalized carbon was prepared and used as 221 

support for Pd nanoparticles. The Pd nanoparticles are uniformly dispersed on BTA-C 222 

with small particle size. The Pd/BTA-C catalyst has larger EASA, lower onset 223 

potential, higher electrocatalytic activity and stability for EOR than that of Pd/C 224 

counterpart. It might be attributed to the high utilization of Pd nanoparticles on the 225 

BTA-C. Thus, the Pd/BTA-C is a promising candidate electrocatalyst in DEFCs. 226 
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 309 

Fig. 1 XRD patterns of Pd/C and Pd/BTA-C. 310 
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 320 

Fig. 2 The XPS (a) and N 1s XPS (b) spectra of Pd/BTA-C. 321 
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 337 

 338 

Fig. 3 The C 1s XPS and Pd 3d spectra of Pd/C (a, c) and Pd/BTA-C (b, d). 339 

 340 

 341 
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 342 

Fig. 4 The TEM images, corresponded size distribution histograms and high resolution TEM 343 

images of Pd/C (a, c, e) and Pd/BTA-C (b, d, f). 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 
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 352 

Fig. 5 Cyclic voltammetry of Pd/C and Pd/BTA-C in 0.1 M KOH solution (a) and in 0.1 M 353 

KOH + 0.5 M C2H5OH solution (b) saturated with N2 at a scan rate of 50 mV s-1. 354 

Chronoamperometric response of Pd/C and Pd/BTA-C (c) and the current density after 3000 s 355 

(d), fixed potential: -0.2 V (vs. Ag/AgCl). 356 

 357 

 358 

 359 

 360 

 361 
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 364 

 365 
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 366 

Fig. 6 Linear sweep voltammetry of Pd/C and Pd/BTA-C in 0.1 M KOH + 0.5 M C2H5OH 367 

solution saturated with N2 at scan rate of 1 mV s-1 (a) and the corresponded Tafel plots (b). 368 

 369 

 370 

 371 

Tab. 1 Binding energy and relative intensities of C1s XPS spectra for Pd/C and 372 

Pd/BTA-C catalysts. 373 

C 

Species 

C 1s Binding 

Energy (eV) 

Peak Half 

Width (eV) 

Relative 

Concentrations (%) 

XPS C species of Pd/C 

C-C 284.8 1.67 67.2 % 

C-OH      285.9 1.90 18.4 % 

C-N 287.1 2.20 4.2 % 

C-C=O 289.0 1.95 10.2 % 

XPS C species of Pd/BTA-C 

C-C 284.8 1.63 56.5 % 

C-OH 285.9 1.87 22.8 % 

C-N 287.1 1.90 8.5 % 

C-C=O 289.0 3.28 12.2 % 

 374 
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 376 

 377 

 378 

 379 

 380 

 381 

 382 

 383 

 384 

 385 

Tab. 2 Binding energy and relative intensities of Pd 3d XPS spectra for Pd/C and 386 

Pd/BTA-C catalysts. 387 

Pd 

Species 

Pd 3d5/2 Binding 

Energy (eV) 

Peak Half 

Width (eV) 

Relative 

Concentrations (%) 

XPS Pd species of Pd/C 

Pd0 335.4 1.80 38.4 % 

Pd(OH)x 336.2 2.00 26.4 % 

PdO 337.2 1.72 23.5 % 

PdO2 338.0 3.00 11.7 % 

XPS Pd species of Pd/BTA-C 

Pd0 335.5 1.24 38.8 % 

Pd(OH)x 336.2 1.30 18.4 % 

PdO 337.2 1.74 16.3 % 

PdO2 338.1 3.38 25.5 % 

 388 
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 391 

 392 

 393 

 394 

 395 

 396 

 397 
 398 

Tab. 3 Electrocatalytic properties of Pd catalysts loading on different supports for 399 

ethanol oxidation in alkaline media. 400 

Electrocatalyst Alcohol solution EASA / cm2 

mg-1 

jp / mA mg−1
Pd Ref 

Pd/C 0.1 M KOH 

/ 0.5 M C2H5OH 

312.8 

 

100 This work 

Pd/BTA-C 0.1 M KOH  

/ 0.5 M C2H5OH 

583.0 180 This work 
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Note: EASA: The electrochemically active surface area; jp: Forward peak current density; 401 

DMDAAC: Dimethyldiallylammonium chloride; PVP: polyvinylpyrrolidone; PANI: polyaniline; 402 

SNTA: sandwich-structured nanotube array. 403 

 404 

 405 

 406 

 407 

 408 

Pd/DMDAAC -

RGO 

1.0 M KOH  

/ 1.0 M C2H5OH 

1495 65 (mA cm−2) [22] 

Pd/PVP-graphene 1.0 M KOH  

/ 0.5 M C2H5OH 

231.5 439.8 [23] 

Pd/PANI/Pd 

SNTAs 

1.0 M KOH  

/ 1.0 M C2H5OH 

— 

 

351.0 [24] 


