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The effect of the reduction method on the catalytic properties of palladium catalysts supported on activated carbon for the oxi-
dation of D-glucose was examined. The reduction methods investigated include argon glow discharge plasma reduction at 
room temperature, reduction by flowing hydrogen at elevated temperature, and reduction by formaldehyde at room temperature. 
The plasma-reduced catalyst shows the smallest metal particles with a narrow size distribution that leads to a much higher ac-
tivity. The catalyst characteristics show that the plasma reduction increases the amount of oxygen-containing functional groups, 
which significantly enhances the hydrophilic property of the activated carbon and improves the dispersion of the metal. 
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1  Introduction 

Activated carbon (AC) supported noble metal catalysts have 
been extensively applied for fine chemical syntheses, hy-     
drogen storage, and electrocatalysis [1–6]. A major advan-      
tage of AC-based catalysts is that noble metals can be easily 
recovered from the used catalysts. With the rapid develop-      
ment of green chemistry, various carbon supported catalysts 
have attracted increasingly more attention. Oxidation of 
glucose to gluconic acid in the liquid phase is a typical ex-     
ample for green chemistry with the use of catalysts and re-     
newable resources [5, 6]. Gluconic acid, used as an inter-      
mediate in the food and pharmaceutical industry and also as 
a biodegradable chelating agent, is produced by biochemical 
oxidation of glucose as the only industrial route. This bio-      
chemical process has some disadvantages, such as limited 
space-time yield and required population control regulations 
of the microorganisms [7]. Recent development, however, 

has shown great potential of the use of heterogeneous cata-      
lysts, such as carbon or metal oxide supported Pd, Pt and 
Au catalysts, for oxidation of glucose with oxygen or air  
[5, 6, 8–17].  

The oxidation of glucose over the aforementioned noble 
metal catalysts is a structure-sensitive reaction. Both the 
initial rate and the deactivation are particle-size-dependent 
[14–17]. Because the oxidation requires a metal catalyst, the 
catalyst has to be reduced before the reaction. Different re-      
duction methods could induce variation in particle size, 
morphology, and the metal-support interaction, and then 
impact the catalytic performances. The catalysts for oxida-      
tion of glucose are normally reduced by flowing hydrogen 
at elevated temperatures or by reducing chemicals, such as 
formaldehyde and hydrazine. Recently, we reported a green, 
simple and energy efficient glow discharge plasma reduc-      
tion route to reduce supported metal catalysts using inert 
gas or even oxygen as the plasma forming gas [13, 18]. 
Electrons were considered as the reducing agent for the 
room temperature plasma reduction. The reducibility of 
metal ions by the non-hydrogen plasma can be determined 
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by the value of standard electrode potential of the metal ions 
[18]. Those metal ions with positive standard electrode po-     
tential can be easily reduced by non-hydrogen plasma at 
ambient temperature.  

The AC supported noble metal catalyst is normally re-    
duced by chemicals. The development of the room tem-     
perature plasma reduction will reduce the use of chemicals, 
which is a really green reduction technology. According to 
the energy balance, the plasma reduction approach signifi-
cantly reduces the energy consumption and the cost. 

In this paper, we attempt to study the effect of the reduction 
method on the catalytic activity of AC supported Pd catalysts 
in the selective oxidation of glucose. A particle size effect 
with the oxidation of glucose will be confirmed in this work. 

2  Experimental 

2.1  Sample preparation 

AC was commercially obtained from Norit Americas, Inc. 
(SX ULTRA grade). In order to prepare 3.5 wt% Pd/AC 
catalysts, the metallic precursor was introduced on the car-
bon via incipient wetness impregnation, using an aqueous 
solution of Pd(NO3)2. The sample was kept overnight and 
then dried in air at 110 C for 12 h to remove residual 
moisture. The obtained sample was made into three pieces. 
One was reduced using a solution of formaldehyde (37 wt%) 
at room temperature for 3 h. The second part was reduced 
by the flowing hydrogen at 300 C. The third part was re-
duced using argon glow discharge plasma, initiated at am-
bient temperature. Details of the plasma setup and proce-
dure have been reported elsewhere [13, 18]. Briefly, the 
catalyst sample (about 0.5 g), loaded in a quartz boat, was 
placed in a quartz tube (i.d. 35 mm) with two stainless steel 
electrodes (o.d. 30 mm). The system was evacuated by a 
vacuum pump. When the pressure was adjusted to 50–100 
Pa, the glow discharge plasma was initiated by applying 
approximately 900 V to the electrode using a high voltage 
amplifier (Trek, 20/20B). Argon (> 99.999%) was used as 
the plasma-forming gas. The signal input for the high volt-
age amplifier was supplied by a function/arbitrary wave-
form generator (Hewlett-Packard 33120A) with a 100 Hz 
square wave. The current was about 4.5 mA. Each plasma 
reduction operation took 10 min, and each sample was re-
duced 6 times, with manual mixing of the sample between 
reduction operations to ensure even exposure to the plasma. 
A drop of water was added to the sample before each 
plasma operation. The gas temperature of the plasma was 
measured by infrared (IR) imaging (Ircon, 100PHT). The IR 
image indicated that the reduction occurred at ambient 
temperature.  

2.2  Catalyst characterization 

Porosities of the catalysts were tested with ChemBET-3000 

using N2 at 77 K, from which the adsorption-desorption 
isotherm was obtained. Brumauer-Emmett-Teller (BET) 
surface area and pore volume were obtained using nitro-
gen-BET equation, and the pore size distribution was calcu-
lated with the Horvath-Kawazoe method. 

X-ray diffraction (XRD) patterns were recorded on a Ri-
gaku Miniflex diffractometer using Cu K radiation ( = 

0.1543 nm) at 30 kV and 15 mA, with a scan speed of 2° 
2/min and a step of 0.02° 2, in a 30°–70° 2 range. 

X-ray photoelectron spectroscopy (XPS) analyses were 
performed using a Perkin-Elmer PHI-1600 spectrometer 
with Mg K (1253.6 eV) radiation. The analyzer bandpass 
energy was 187.8 eV for survey spectra and 29.3 eV for 
high-resolution spectra. The binding energy was calibrated 
using the C1s peak (284.6 eV) of adventitious carbon. 

The transmission IR spectra were recorded on a Fourier 
transform infrared (FTIR) spectrometer (MAGNA-560, 
Nicolet) in the range of wave numbers of 4000–400 cm1 
using the KBr pellet technique. The spectral resolution was 
4 cm1 and 100 scans were averaged for each spectrum. 

Transmission electron microscopy (TEM) observations 
were conducted using a Philips Tecnai G2 F-20 electron 
microscope.   

2.3  Catalytic tests 

Liquid-phase oxidation of D-glucose in alkaline solution 
proceeds as  

6 12 6 2 6 11 7 2C H O  1 2O  NaOH  C H O Na  H O     

The reaction was carried out in a 250 mL four-necked 
glass flask equipped with mechanical stirring for three- 
phase mixing, where 0.5 g catalyst and 100 mL glucose 
solution (0.4 mol/L) were added separately. Oxygen was 
bubbled into the solution at a constant flow rate of 400 
mL/min. The overall reaction was carried out in a 50 C 
water bath, and the pH value of the solution was maintained 
at 9.0 ± 0.2 by adding NaOH solution (1.0 mol/L) drop by 
drop, and detected by a pH electrode from HANNA Instru-
ments. 

Prior to reaction, nitrogen was blown into the solution to 
remove oxygen. When the flowing gas was switched to 
oxygen, the reaction started. The reaction proceeded con-
tinuously for 1 h. Oxygen gas was then stopped by blowing 
nitrogen instead for 15 min. The conversion could be calcu-
lated according to consumption of NaOH at the time. 

The products of the reaction were analysed by a Finnigan 
Surveyor Plus high performance liquid chromatography 
(HPLC) equipped with a photo-diode array (PDA) detector. 
5 mmol/L H2SO4 mixed in CH3CN solution was used as the 
mobile phase, and 2 L filtration solution from the reaction 
mixture was injected into the columns to be analysed for  
20 min. The selectivity was calculated using peak-area 
method. 
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3  Results and discussion 

3.1  BET analyses 

Table 1 shows the results of the BET analyses. The plasma 
reduced catalyst, denoted as Pd/AC-P, has the largest sur-
face area among the three catalysts. The formaldehyde re-
duced catalyst, assigned as Pd/AC-F, presents the smallest 
surface area. This means the reduction using formaldehyde 
solution or hydrogen at elevated temperature induces a 
dramatic decrease in the catalyst surface area. The ambient 
temperature operation of the glow discharge plasma reduc-
tion is favored to preserve the pore structure of the activated 
carbon. In addition, during the plasma reduction, we did not 
use any other chemicals except argon. This helps to avoid 
side reactions, which would be harmful to the pore structure 
of the activated carbon. 

3.2  XRD characterization 

XRD patterns for the three samples are shown in Figure 1. 
The XRD patterns for all the samples show reflections at 
about 2= 40.2°, 46.6° and 68.2°, indicating the existence 
of Pd(111), Pd(200) and Pd(220), respectively. The XRD 
characterization confirms that the argon glow discharge 
plasma can reduce the Pd/AC catalyst effectively at ambient 
temperature.  

Figure 1 shows intense and sharp peaks of palladium re-
duced by flowing hydrogen and formaldehyde. This means 
that the Pd/AC-F and the hydrogen reduced catalyst, 
Pd/AC-H, have larger particle sizes. According to Scherr’s 
equation, the average particle size for Pd/AC-F, Pd/AC-H 
and Pd/AC-P samples is 22.1, 17.6, and 6.8 nm, respec-
tively. Evidently, the plasma reduction generates the small-
est particles. From the activity tests, the particle size has a 
significant effect.  

3.3  XPS results 

Table 2 illustrates surface compositions of the catalysts 
from XPS results. Apparently, the relative content of palla-
dium of Pd/AC-P was much higher than that of Pd/AC-F 
and Pd/AC-H, which indicates a migration of metal parti-
cles to the surface of carbon during the plasma reduction, or 
smaller particles with better dispersion were obtained from  

 

Figure 1  XRD patterns of AC, Pd/AC-F, Pd/AC-H and Pd/AC-P. 

the plasma reduction. Failure to detect nitrogen species con-
firms a total conversion of the metal precursor. In addition, 
compared to the AC sample, the oxygen content signifi-
cantly increases for Pd/AC-F, Pd/AC-H and Pd/AC-P sam-
ples. This indicates the impregnation and reduction proc-
esses induce an enrichment of oxygen content of all the 
carbon samples. 

The C1s peak can be deconvolved into a number of Gaus-
sian peaks, including CC (284.6 eV), CO (286.2 eV), 
C=O (288.2 eV), OC=O (289.9 eV), and -* shakeup 
(291.5 eV). Area ratios of the five deconvolved peaks are 
shown in Table 3 for the three samples, which suggests 
CC bond is oxidized to generate new COx groups on the 
surface after plasma reduction. The change becomes gradu-
ally weak in the sequence of CO, C=O and OC=O bonds 
[19].  

3.4  IR analyses 

Figure 2 shows the results of FTIR analyses and further 
confirms the change of oxygen-containing functional groups 
after the catalyst reduction. According to Figure 2, the cata-
lyst reduction using formaldehyde or flowing hydrogen 
does not change the surface functionality notably. However, 
a remarkable change was observed after the plasma reduc-
tion. Figure 2 exhibits a large and wide peak centered at 
3430 cm1 that can be assigned to surface hydroxyl groups  

Table 1  Structural properties of the catalysts 

 
BET surface area 

(m
2
/g) 

Micropore area 

(m
2
/g) 

External surface area 

(m
2
/g) 

Micropore volume 

(cm
3
/g) 

External pore volume 

(cm
3
/g) 

Average pore size with 
HK method (nm) 

AC 902.31 504.75 397.56 0.702 0.549 0.507 

Pd/AC-H 749.87 480.90 268.97 0.614 0.471 0.412 

Pd/AC-F 702.44 466.31 236.13 0.582 0.436 0.386 

Pd/AC-P 890.33 501.87 388.46 0.696 0.545 0.498 
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Table 2  Surface composition of the catalysts 

Surface components  Relative content 
Catalysts 

C O Pd  Pd/C O/C 

AC 95.6 4.4 —  — 0.0460 

Pd/AC-F 90.9 8.7 0.4  0.0044 0.0957 

Pd/AC-H 91.3 7.4 1.3  0.0142 0.0811 

Pd/AC-P 82.6 15.2 2.2  0.0266 0.1840 

Table 3  Deconvolution of the C1s peaks for the catalysts 

CC CO C=O OC=O 
peroxide 

-* 
shakeup Catalysts 

284.6 eV 286.2 eV 288.2 eV 289.9 eV 291.5 eV 

AC 69.06 17.45 5.68 4.11 3.69 

Pd/AC-F 69.84 19.37 5.18 2.76 2.85 

Pd/AC-H 66.29 19.49 5.23 4.61 4.38 

Pd/AC-P 63.24 21.71 7.41 4.41 3.24 

 

 

Figure 2  FTIR spectra of the catalysts. 

or chemisorbed water [20]. This suggests that after the 
plasma reduction, the hydrophilic property of AC was sig-
nificantly enhanced. The peak at 1390 cm1 represents 
thermally stable carboxyl carbonated structure [21], which 
apparently increased after the plasma reduction. Another 
peak enhancement is observed in the range of 1250-1000 
cm-1, which corresponds to cyclic ether groups [20]. In ad-
dition, there are more intense peaks of carbonyl groups at 
1620 cm-1 and 1570 cm1, suggesting that oxygen-containing 
groups are well combined with AC by plasma reduction, 
which is in accordance with XPS results. 

3.5  TEM images 

TEM images of Pd/AC-P, Pd/AC-H and Pd/AC-F are 
shown in Figure 3. The plasma reduced sample possesses 
uniform small metal particles with high dispersion, while 
the samples reduced by hydrogen and formaldehyde vary 
greatly in size and shape. Such difference is further illus-     

 

Figure 3  TEM images of Pd/AC-P (a, b), Pd/AC-F (c, d) and Pd/AC-H 
(e, f). 

trated in Figure 4 with the particle size distributions. Pd/AC-P 
apparently has smaller particles with an average size of 
4.0–4.5 nm, while the average size of Pd/AC-F is 15.5–16.0 
nm and it is 11.5–12.0 nm for Pd/AC-H. In addition, the 
distribution range of Pd/AC-P is much narrower than that of 
Pd/AC-F and Pd/AC-H, which may have significant impact 
on the reaction results. 

3.6  Activity tests 

Figure 5 and Table 4 present the results of glucose conver-
sion as a function of time for Pd/AC-P, Pd/AC-H and 
Pd/AC-F catalysts. The activity of the plasma-reduced 
catalyst is much higher than that of Pd/AC-H and Pd/AC-F 
catalysts. Although the average selectivity of Pd/AC-P is 
slightly lower, the yield is much higher. The present study 
confirms that the size of the metal has a significant effect on 
the activity of glucose oxidation. The plasma reduction is a 
useful technology for size control, as previously confirmed 
for the investigations on the fuel cell catalyst and hydrogen 
storage material [1, 2]. 



1602 CHEN KangCheng, et al.   Sci China Chem   July (2010) Vol.53 No.7 

 

Figure 4  Size distribution histograms of the catalysts. 

 

Figure 5  Activity tests of the catalysts. 

Table 4  Conversion at the time and average selectivity for the catalysts 

Catalysts 
Conversion 

in 1 h 
Conversion 

in 2 h 
Conversion 

in 3 h 
Average 

selectivity 
Pd/AC-F 31.75% 55.75% 73.00% 88.05% 

Pd/AC-H 39.50% 61.00% 76.00% 87.40% 

Pd/AC-P 92.25% 99.50% 100% 76.40% 
 

4  Conclusions 

The present work confirms that the glow discharge plasma 
could reduce the AC supported Pd catalysts. Compared to 
the catalysts reduced by hydrogen at elevated temperature 
and by formaldehyde, the plasma reduced Pd catalyst shows 
the smallest size with a narrow size distribution. This plasma 
reduced catalyst possesses the highest catalytic activity for 

the selective oxidation of glucose. Because Pd catalysts 
supported on AC have been extensively applied for fine 
chemical syntheses in industry and are normally reduced by 
chemicals, such as formaldehyde or even NaBH4, the 
development of the room temperature plasma reduction will 
reduce the use of chemicals, which is a really green 
reduction technology and has a great potential for many 
other applications. 

This work was supported by the National Natural Science Foundation of 
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