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Pd@N-doped carbon (Pd@CN) exhibited four and two times 

higher peak current density toward ethanol electrooxidation 

than Pd@active carbon and Pd@non-nitrogen carbon. 

Controlled experimental results indicated that the 

incorporation of nitrogen into the carbon matrix improved 

the percentage of Pd0 and increased the binding energy of Pd 

in Pd@CN, and accordingly enhancing the catalytic activity. 

Accelerated depletion of fossil fuels, coupled with concerns over 

environmental pollution, poses great demands for renewable and 

clean energy sources.1 From this standpoint of view, ethanol 

possesses distinct advantages over methanol, gas fuels etc. owing to 

its high energy density, low toxicity, easy storage and transportation, 

and large scale of production from biomass.2 Accordingly, direct 

ethanol fuel cells (DEFCs) have been extensively studied in efforts 

as power sources for portable electronic devices and fuel cell 

vehicles. However, it is quite difficult to completely oxidize ethanol 

which involves breaking C-C bond and releasing 12 electrons.3 

Moreover, many adsorbed intermediates (mainly CO and -CHO) 

produced during the oxidation reaction poison the anode catalysts 

and in turn reduce the catalytic efficiency.4 Therefore, it necessitates 

high activity and stability electrocatalysts to accelerate this reaction. 

It’s well known that Pd is a promising electrocatalyst for ethanol 

oxidation in basic media.5  Great research efforts have been devoted 

to adding a second element such as Sn6, Ni7, Bi8, Ag9, Au10, Pb11 to 

Pd supported on carbon materials to optimize the electrocatalytic 

performance and stability of Pd toward ethanol oxidation in alkaline 

media because of the bimetallic synergistic effect. However, the 

influence of support materials on the valence state, size distribution, 

stability and dispersion of Pd which further affects its catalytic 

property and efficiency cannot be overlooked.12 

Currently, nitrogen-doped carbon materials as supports have 

received particular attention to researchers due to their remarkable 

performance in various applications, such as hydrocarbon 

oxidation13, hydrogenation of unsaturated bond14, biomass refining15, 

etc. Furthermore, the use of inexpensive, sustainable feedstocks to 

produce N-doped carbon materials conforms to the concept of 

green chemistry.16 And the reasons may contribute to the fact that 

the incorporation of electron-rich nitrogen atoms modifies the 

surface structure of carbon materials, demonstrating improved π-

binding ability, more defects and strengthened interaction between 

metal nanoparticles (NPs) and supports.17   

Based on the above considerations, herein, N-doped mesoporous 

carbon material from D-glucosamine hydrochloride, a harmless and 

naturally available biomass, was utilized as a basic support to 

construct Pd catalysts (Pd@CN, the content of nitrogen in CN is 

about 7.0% ) towards ethanol oxidation in alkaline media. Compared 

to Pd@HC (non-nitrogen hydrothermal carbon from glucose) and 

the commercially available Pd@AC, Pd@CN demonstrated superior 

catalytic performance for ethanol oxidation. The influences of pore 

structure and surface area of supports and valence state and 

morphology of metal palladium were investigated in detail towards 

ethanol oxidation. Physical and electrochemical datas indicated that 

the incorporation of nitrogen could enhance the percentage of Pd0 

and increase the binding energy of Pd in Pd@CN which produced 

superior catalytic activity.  

To evaluate the catalytic properties of Pd@CN versus Pd@HC 

and Pd@AC catalysts toward ethanol oxidation, we performed the 

electrooxidation reaction of these catalysts in 1 M C2H5OH + 1 M 

KOH. The CVs at 50 mV/s (Fig. 1a) show that the specific peak 

current density of Pd@CN is almost two and four times higher than 

that of Pd@HC and Pd@AC when the current density is normalized 

to per unit mass of Pd. In addition, the onset potential of the forward 

scan direction of Pd@CN is remarkably lower than that of Pd@HC 

and Pd@AC, which is an evidence that Pd@CN overtakes Pd@HC 

and Pd@AC in the kinetics of ethanol oxidation reaction.18 

 
Fig. 1. (a) CVs of Pd@AC, Pd@HC, and Pd@CN in 1 M C2H5OH + 1 M KOH solution 

at 50 mV/s. (b) Chronoamperometric curves of three catalysts measured in the 

solution of 1 M KOH + 1 M C2H5OH at -0.35V. 
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Fig. 2. TEM images and corresponding particle size distribution histograms for (a) 

Pd@AC, (b) Pd@HC, (c) Pd@CN. 

To  further  confirm  the  high  catalytic  activity  of Pd@CN, cyclic 

voltammetry  tests of three catalysts were carried out  in 1 M CH3OH 

+ 1 M KOH solution at a scan rate of 50 mV/s (Fig. S1, ESI†). It is 

evident that Pd@CN still shows higher activity towards methanol 

oxidation than Pd@HC and Pd@AC. The electrochemical stability 

of these catalysts for ethanol oxidation was then investigated by 

chronoamperometric experiments at a given potential of –0.35 V in 

1.0 M KOH + 1.0 M C2H5OH solution (Fig. 1b). As shown that 

Pd@CN exhibits a slower current decay over time in comparison 

with Pd@HC and Pd@AC, proving a higher tolerance to 

carbonaceous species generated during ethanol oxidation.19 

The above results demonstrate Pd@CN exhibits higher 

electrocatalytic activity and better durability than Pd@HC and 

Pd@AC. It has been proven that the dispersion and valence state of 

Pd and structure properties (BET surface area, pore structure) of 

supports can affect the activity of catalysts.20 The following detailed 

discussions elaborated the decisive factors in perfecting the 

performance of Pd@CN towards ethanol oxidation. 

As presented in Fig. 2, The Pd NPs are uniformly dispersed on 

supports. Size distribution histograms demonstrate the average 

particle sizes of Pd@AC, Pd@HC, and Pd@CN are 3.79, 3.52, and 

3.40nm, respectively, suggesting similar size distributions. Moreover, 

the dispersions (D) of Pd in Pd@AC, Pd@HC, and Pd@CN, i.e., the 

fraction of exposed Pd in the catalyst are determined to be 0.26, 0.28, 

and 0.29, respectively (ESI†).21 The similar particle size and 

dispersion of Pd in catalysts make it possible to eliminate the effect 

of metal particle size and dispersion on ethanol electrooxidation 

activity.22 The XRD patterns of three catalysts (Fig. S2, ESI†) 

together with the TEM images indicate similar metal morphology 

structure23, excluding the influence of metal crystal structure on 

ethanol oxidation in this case, which inspires us to further discuss 

other factors influencing catalyst performance. 

 
Fig. 3. (a) N2 adsorption/desorption isotherms and (b) corresponding Barrett-

Joyner-Halenda (BJH) pore-size distribution curve determined from the 

desorption branch of the isotherm of AC, HC, CN. 

 
Fig. 4. The Pd3d X-ray photoelectron spectroscopies of (a) Pd@AC, (b) Pd@HC, 

and (c) Pd@CN and (d) The correlation pattern of ECSA and percentage of Pd
0
 of 

Pd@AC, Pd@HC, and Pd@CN. 

The pore structure and surface area of AC, HC, and CN were then 

investigated by N2 adsorption-desorption isotherms. As shown in Fig. 

3a and b, AC mainly consists of micropores and mesopores, and 

accumulated pores dominate HC with wide pore distribution. 

Meanwhile, CN exhibits a IV-type isotherm with a distinct hysteretic 

loop, indicating the mesoporous nature. Though the BET surface 

area of CN (324 m2/g) and HC (115 m2/g) are smaller than AC (899 

m2/g) (Table S1, ESI†), their electrocatalytic performances as 

supports are still superior to AC, indicating the larger surface area 

doesn’t always produce better catalytic activity. The larger pore size 

distribution of CN (8nm) and HC (34nm) could yield easier mass 

transportation and consequently better performance towards ethanol 

oxidation than AC with pore diameter of 4nm (Table S1, ESI†).24 

Though the pore volume of CN is smaller than HC, it still presents 

better activity. The above results illustrate that proper BET surface 

area, pore size and pore volume are necessary to improve ethanol 

electrooxidation activity of catalysts.  

The Pd3d X-ray photoelectron spectroscopies (XPS) of three 

catalysts are shown in Fig. 4. The survey XPS spectrum of Pd@CN 

confirms the incorporation of nitrogen into carbon materials (Fig. S3, 

ESI†). The Pd3d signal of Pd@HC catalyst is fitted to two pairs of 

doubles: Pd3d3/2 (337.4 eV), Pd3d5/2 (335.9 eV) and Pd3d3/2 (342.3 eV) 

Pd3d5/2 (341 eV), which can be ascribed to Pd0 and Pd2+ species, 

respectively.25 However, the binding energy of Pd0 (341.7 eV, 336.5 

eV) and Pd2+ (338.2 eV, 343.6 eV) in Pd@CN positively shift, 

respectively (Table S2, ESI†). Meanwhile, the binding energy of 

pyridic-N, pyrrolic-N and quaternary-N of Pd@CN negatively shift 

compared with that of CN (Fig. S4 and Table S3, ESI†), implying a 

transfer of electron density from N to Pd.26 Therefore, the 

incorporation of nitrogen is beneficial to the reduction of Pd2+ to Pd0 

due to the electron donation effects of  nitrogen, which provides 

more active sites and accordingly will improve the catalytic activity 

of Pd@CN.14a, 27 This can also be confirmed by the fact that Pd@CN 

possesses the most percentage of Pd0 (70.0%) among three catalysts 

due to the N-doping effect (Table S2, ESI†). Moreover, the positive 

shift of binding energy of Pd can be attributed to the introduction of 

nitrogen, which reflects the downshift of d-band center of Pd atom in 

Pd@CN and consequently results in the decrease in the interaction 

strength of various adsorbents to Pd surface.25, 28  

To further illustrate the nitrogen-doping effect on ethanol 

electrooxidation, we performed CVs and CO stripping experiments  
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Fig. 5. (a) CVs of Pd@AC, Pd@HC, and Pd@CN in 1 M KOH solution. Scan rate: 

50mV s
-1

. CO stripping measurements of (b) Pd@AC, (c) Pd@HC, and (d) Pd@CN 

performed in 1 M KOH solution at 50mV/s. 

on three catalysts in 1.0 M KOH solution at 50 mV/s (Fig. 5). The 

calculated electrochemically surface area (ECSA) of Pd@CN 

catalyst is 1.9 and 1.4 times greater than Pd@AC and Pd@HC (table 

S1, ESI†).29 The above results prove that a higher proportion of Pd is 

electrochemically available in Pd@CN than Pd@HC and Pd@AC. 

As shown in Fig. 4d, the ECSA presents some degree of linear 

relationship with the percentage of Pd0, again revealing the effect of 

N-doping on the improved percentage of Pd0 in CN. We also 

compared the surface area normalized activity (A/m2) based the 

electrochemical surface area of Pd in Fig. S5 (ESI†). Results also 

show that Pd@CN catalyst still offers much higher electrocatalytic 

activity than Pd@HC and Pd@AC. The results of CO stripping 

experiments on three catalysts are shown in Fig. 5b, c and d. An 

obviously larger CO oxidation peak than that on Pd@HC and 

Pd@AC catalyst in the initial forward scan is observed on Pd@CN 

catalyst owning to a larger ECSA of Pd. In addition, the initial 

potential of CO oxidation on Pd@CN (-0.35 V) is slightly more 

negative than that of on Pd@HC (-0.34 V), but significantly lower 

than Pd@AC (-0.25 V) in first forward scan.30 These results can be 

attributed to the introduction of N which lower the adsorption 

strength of CO and facilitate removal of CO on the surface of 

catalyst. The disappearance of CO oxidation peaks after stripping 

and reappearance of hydrogen peaks at negative potentials indicate 

that both catalysts are free of dissolved CO. 

Conclusions  

In conclusion, we applied a biomass-derived nitrogen-doped 

carbon material as a desired support of Pd to direct ethanol fuel cells. 

Compared to Pd@AC and Pd@HC, Pd@CN exhibited four and two 

times higher peak current density toward ethanol oxidation, 

respectively. Research results illustrated that proper BET surface 

area, pore size, and pore volume were beneficial to improving the 

ethanol electrooxidation activity of catalysts. XPS experiments 

further proved that the introduction of nitrogen into carbon matrix 

improved the percentage of Pd0 and increased the binding energy of 

Pd in Pd@CN, and accordingly enhancing the catalytic activity, 

durability and CO tolerance of catalyst. Thus, nitrogen-doped carbon 

materials as high-performance catalyst supports have great 

promising application in direct ethanol fuel cells. 
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