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Abstract 10 

In this study, four kinds of porous carbon materials were used as supports to anchor 11 

gold nanoparticles (AuNPs) for catalytic reduction of nitroaromatics and 4-nitrophenol 12 

(4-NP) was employed as a model material. Results identified that carbon black (CB) 13 

restricted-Au catalyst (Au/CB) provided large specific surface area, small AuNPs size, 14 

and low cost, which showed highly catalytic activity for 4-NP reduction. Besides, with 15 

the increase of Au loadings, the catalytic activity of Au/CB was enhanced and the 1.2 16 

wt% of Au loading exhibited the best catalytic activity with the high rate of 0.8302 min-17 

1 and the turnover frequency of 492.50 h-1. Universality and real water application 18 

demonstrated that the as-prepared Au/CB catalyst was promising candidate for other 19 

phenols and azo dyes reduction and had great potential for practical application. 20 

Furthermore, after ten cycles, Au/CB still retained satisfying stability and activity. 21 

These results suggested that the larger specific surface area and smaller particle size 22 

attributing to the porosity of CB were conducive to improving the catalytic activity of 23 

Au catalysts. This design shows high potential of hierarchical porous carbon materials 24 

for highly catalytic reaction in many fields, especially the water purification. 25 

Keywords: Au catalysts; carbon black; hierarchical porous carbon; nitroaromatics; 26 
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1. Introduction 28 

Nowadays, human is facing the severe threat of environmental pollution since the 29 

rapid development of industrialization, especially the water pollution [1-6]. The 30 

pollutants enter into plants and animals through water circulation and finally 31 

accumulate in human body, which can induce serious body damage [7-11]. 32 

Nitroaromatics, mainly generated from industry and agriculture, are known as the 33 

hazardous and toxic pollutant [12]. In particular, 4-nitrophenol (4-NP) as a kind of 34 

typical nitroaromatic is considered as one of the most common pollutant in 35 

environmental water and industrial wastewater [13, 14]. It is highly toxic and can result 36 

in liver, kidney, central nervous system, and blood system damage [15, 16]. However, 37 

these pollutants are difficult to remove because of the high structural stability. Thus, it 38 

is important to develop efficient method to remove them from water. 39 

As one kind of stable and non-toxic nanoparticles, gold nanoparticles (AuNPs) have 40 

been widely used in many fields especially environmental protection due to its excellent 41 

properties [17-21]. Particularly, the outstanding performance in catalysis of it with 42 

small size has gained tremendous interests, especially in the catalytic reduction of 4-43 

NP [22, 23]. In this case, the high toxic 4-NP, one kind of “Priority Pollutant” listed by 44 

the USEPA, is efficiently converted to less toxic 4-aminophenol (4-AP) under mild 45 

reaction conditions, which reduces the risk of environmental pollution [24, 25]. On the 46 

other hand, the product of 4-AP plays important industrial roles on the preparation of 47 

drugs, dyes, corrosion inhibitors, and photographic developers, which brings huge 48 

economic benefits [26]. However, colloidal AuNPs are easy to aggregate because of its 49 

high surface energy and always need protective agent in the preparation process [27-50 

29]. It is obvious that the catalytic activity will be limited and the energy consumption 51 

will increase. Thus, it is necessary to develop an effective way to retain the high 52 
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dispersity and catalytic activity of AuNPs. 53 

With this respect, heterogeneous Au catalysts have been developed [30]. The 54 

reusability of AuNPs has also been improved. Simultaneously, how to further enhance 55 

the catalytic activity has become another topic. In this case, previous reports proposed 56 

some feasible approaches: (1) decrease the particle size and narrow the size distribution 57 

to improve the catalytic activity [31, 32]; (2) introduce bimetallic or multi-metallic NPs 58 

to make use of the synergetic effect generated by these metals [33, 34]; (3) introduce 59 

porous structure to restrict AuNPs and enhance the adsorption of 4-NP [35]. Porous 60 

carbon materials are good candidates because of their excellent adsorption capacity, 61 

good thermal and chemical stability, and admirable mechanical properties [36-39]. 62 

Among them, hierarchical porous carbon black (CB), like Vulcan XC-72, has been 63 

widely used for the supports, sensors, energy storage or commercial applications due 64 

to the advantages of turbostratic structures with high surface area and conductivity, 65 

excellent chemical and mechanical stability [40-43]. Particularly, its properties of low 66 

cost and easy availability provide alternative for cost reduction. Besides, there are also 67 

many papers have investigated the electrochemical performance of CB-supported metal 68 

NPs [44]. However, to our knowledge, few of them have mentioned the catalytic 69 

reduction of nitroaromatics by CB-supported catalysts in the presence of NaBH4. 70 

It is reported that pristine CB is difficult to anchor metal ions or metal NPs because 71 

of the low content of oxygen-containing groups on the surface [45, 46]. Therefore, most 72 

of papers have investigated the property of modified CB via acidification or doping [47, 73 

48]. Nevertheless, investigation on the performance of pristine CB as support is also 74 

interesting. Because pristine CB is easy to aggregate and there are abundant pore 75 

structures in CB in spite of pristine CB contains low content of oxygen-containing 76 

groups, which might be beneficial to restrict the growing of AuNPs in the pore. In 77 
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addition, aggregated CB may provide hierarchical porous structure, including micro, 78 

meso and macro pores, which result in large surface to volume ratio, reduced diffusion 79 

resistance, and enhanced transport diffusion [49]. Thus, smaller AuNPs can be 80 

dispersed in CB, the activity, stability and usability would be enhanced also. In addition, 81 

CB can provide strong adsorption ability of CB for nitrophenols and dyes due to the π–82 

π stacking interaction and abundant pore structures. The fast electron transfer from CB 83 

to AuNPs may cause higher local electron densities and hence enhance the uptake of 84 

electron by nitrophenols and dyes. The catalytic activity of Au/CB may can be 85 

improved either. Therefore, it is of great importance to investigate the property of 86 

pristine CB as support for Au catalyst and the contribution of pore structures to that of 87 

the catalytic activity. 88 

In this study, CB restricted Au catalyst was prepared by a simple polyols method, 89 

which using ethylene glycol (EG) as the dispersing agent of CB and reducing agent of 90 

AuNPs. The reduction of 4-NP by NaBH4 was employed as a model reaction to 91 

investigate the catalytic performance of Au/CB catalyst. As comparison, three kinds of 92 

typical and well-investigated porous carbon materials, including multi-walled carbon 93 

nanotubes (MWCNTs), Activated Cokes (ACk), and activated carbon (AC) were used 94 

to anchor AuNPs (Au/C) for the reduction of nitroaromatics. Various technologies, 95 

including transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray 96 

photoelectron spectroscopy (XPS), Fourier transform-infrared spectroscopy (FT-IR), 97 

scanning electron microscopy (SEM), inductively coupled plasma optical emission 98 

spectrometer (ICP-OES), N2-Brunauer–Emmett–Teller (BET), and Electron 99 

paramagnetic resonance (EPR), were used to characterize the property of these catalysts 100 

and to gain insight into the mechanism of the catalytic reaction. The crystalline structure 101 

of the prepared Au/CB catalyst before and after reaction was characterized either. The 102 
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universality and real water application of as-prepared Au/CB were further proposed. 103 

2. Experimental section 104 

2.1. Preparation of carbon supported Au catalyst 105 

  Preparation of Au/CB catalyst was accomplished using the polyols method [50]. 106 

Typically, 200 mg of commercial Vulcan XC-72 CB was suspended in 80 mL of EG 107 

and sonicated for 30 min. EG served as dispersant and reducing agent. Afterwards, the 108 

mixture was heated up to 85 °C under regular vigorous stirring and a moderate amount 109 

of HAuCl4 solution (10 g·L-1) was added to achieve the required Au loading (from 0.5 110 

to 2.5 wt %). The mixture was further stirred for 4 h to obtain AuNPs and then filtrated 111 

and washed by water and ethanol for several times. Finally, the as-prepared catalyst was 112 

dried in an oven at 60 °C before use. Other carbon supported Au catalysts including 113 

Au/ACk, Au/AC, and Au/MWCNTs were prepared with the same procedure. 114 

2.2. Catalytic reduction performance 115 

To investigate the catalytic activity of prepared Au/C catalysts, reduction of phenols 116 

and azo dyes with NaBH4 was performed. All the catalytic process were proposed as 117 

the procedure of 4-NP reduction by Au/CB. Firstly, 50 mL of 4-NP (0.5 mM) was 118 

freshly prepared and 10 mg of aforementioned catalyst was added under continuous 119 

stirring for 1 h to achieve the adsorption-desorption equilibrium. Then, different amount 120 

of NaBH4 (the molar amount is 100, 200, 250, 300, 350, 400 times over 4-NP, 121 

respectively) was added into the mixture with stirring. The catalytic progress was 122 

evaluated by taking 1 mL of the reaction mixture at specified time intervals and diluted 123 

five times with ultrapure water. The diluted reaction mixture was measured by UV-Vis 124 

spectrometry. After reaction, the catalysts were removed by filtration and washed with 125 

water and ethanol, then reused for 10 times. The catalytic performance of Au/CB on 126 

real water, including bottled water, tap water, lake water, and river water (collected from 127 
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convenience store, our laboratory, Lake of Peach, and Hsiang River (Changsha, China), 128 

respectively), was carried out. The catalytic progress was performed as the reduction of 129 

4-NP in ultrapure water. All the results were achieved by three parallel experiments. 130 

3. Results and discussion 131 

3.1. Characterization of Au/CB catalyst 132 

  The morphology and microstructure of pure CB and Au/CB catalyst were verified by 133 

the TEM characterization. As shown in Fig. 1a-b, CB has a typically spherical 134 

morphology with the size about 30 nm and tends to aggregate because of the high 135 

surface energy and van der Waal’s forces [47]. The crystal plane (002) of graphite with 136 

a lattice space of 0.34 nm is marked with yellow lines in Fig. 1c, which represents plane 137 

between two single graphene layers in CB [51]. The analysis of the as-synthesized 138 

Au/CB catalyst shows that AuNPs are uniformly dispersed on CB with the average size 139 

of 2.5 nm (Fig. 1d-f). The high resolution TEM image exhibited in Fig. 1f clearly 140 

suggests a lattice of AuNPs with a space of 0.236 nm that can be attributed to the (111) 141 

plane of AuNPs, which indicates the successful deposition of AuNPs. 142 

  The comparison of XRD analysis for CB and Au/CB catalyst before reaction and 143 

after several cycles is depicted in Fig. 2. It is observed that the characteristic peaks in 144 

the pattern of CB at 25.0° (d=0.36 nm) and 43.2° (d = 0.20 nm) are attributed to the 145 

(002) and (101) plane reflection of carbon materials. After deposition of AuNPs, the 146 

well-defined diffraction peaks of Au/CB located at 38.3, 44.4, 64.6, 77.6, and 81.8° are 147 

indexed to the (111), (200), (220), (311), and (222) crystal plane reflections of Au 148 

(JCPDS 04-0784), respectively. However, the characteristic peak of (002) reflection is 149 

broad and weak and that of (101) plane disappears. This is because the deposition of 150 

AuNPs weakens the internal structure order of CB. This also proves the successful 151 

deposition of AuNPs in CB. Meanwhile, after several cycles, all of the crystal plane 152 
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reflections of Au still exist, but the intensity of peaks has decreased. This implies there 153 

may be some AuNPs losing after several reaction cycles. 154 

  The XPS spectra of CB, Au/CB, and Au/CB after several cycles were used to 155 

determine the elemental composition and chemical state of them. As illustrated in Fig. 156 

3a, the XPS survey spectra demonstrate that there were C and O as the primary elements. 157 

The contents of O were very low and the Au in Au/CB before and after several cycles 158 

was unconspicuous. While in Fig. 3b, the high-resolution spectra for Au 4f of them are 159 

measured. The Au 4f7/2 and 4f5/2 peaks are observed at 84.7, 88.4, 84.5, and 88.2 eV of 160 

Au/CB before and after several cycles respectively, which are typical values of Au in 161 

zero oxidation state [52]. Besides, a new peak at 86.6 eV assigned to the Au(III) 162 

oxidation state in Au/CB before catalytic reaction is observed. This may be because 163 

cationic Au species were formed and stabilized on the surface of CB by hydroxyl 164 

groups for the formation of Au-O interfacial bonds [53]. After reaction, the intensity of 165 

Au 4f7/2 and 4f5/2 peaks are much lower than that of the one before reaction. This may 166 

be because the part of AuNPs on the surface of CB were lost after several cycles. The 167 

fitted C 1s spectra of them are exhibited in Fig. 3c. The peaks at 284.78, 285.5 and 168 

290.0 eV are assigned to the sp2, sp3 carbon and π-π* transition loss of CB, respectively. 169 

The peaks located at 287.7 eV of CB and 287.2 eV of Au/CB are attributed to the C=O, 170 

but the content is low. 171 

The characteristic FT-IR spectra of CB and Au/CB catalyst with different Au 172 

loadings are shown in Fig. 3d. They all show a series of peaks at about 1014, 2813 and 173 

2887 cm-1, corresponding to the stretching vibration and bending vibration of C-H from 174 

the alkane group. The peaks at 1518, 1554, and 1637 cm-1 are assigned to the C-C 175 

stretching vibration. The rest peaks located at about 2358 and 3438 cm-1 are responsible 176 

for the C=C stretching vibration and O–H stretching vibration of the hydroxyl group. 177 
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However, although AuNPs do not show a characteristic absorption band in the FT-IR 178 

spectrum, the peak of O–H stretching vibration of Au/CB is smoother than CB and  179 

stronger and stronger with the increase of Au loadings, which indicates the strong 180 

interaction of Au and CB [54].   181 

  The nitrogen adsorption-desorption isotherms and pore size distribution of CB and 182 

Au/CB 1.2 wt% in the range of micropore, mesopore and macropore are showed in Fig. 183 

4a-b. All apparent curves follow the typical IUPAC type IV pattern with a H3 hysteresis, 184 

suggesting the presence of mesopores and macropore. Interestingly, the BJH pore size 185 

distribution further reveals that the main pore size contributions of them are macropores 186 

of 108.61 and 114.38 nm (Fig. 4b). In addition, the micropore pore size distribution 187 

suggests that there are also micropores and the main micropore size contributions are 188 

0.73 and 0.75 nm for CB and Au/CB (inset of Fig. 4b). According to the TEM analysis, 189 

the pore of dispersed CB is micropore. Hence, the mesopores and macropore in CB 190 

may be because of the aggregation of dispersed CB. Interestingly, the main size 191 

contribution of CB is changed from micropore to macropore after the deposition of 192 

AuNPs. The calculated porous properties of CB and Au/CB with different Au loadings 193 

are summarized in Table S1. Results indicated that there were distinct hierarchical 194 

porous structures in them. Large specific surface area and hierarchical porous structure 195 

were beneficial for the adsorption of organic molecules, resulting in improved catalytic 196 

performance of Au/CB. Furthermore, the deposition of Au decreased the specific 197 

surface area, pore volume, and average pore size, indicating the pores of CB were 198 

blocked by Au. It is reasonable to suppose that AuNPs were restricted in the porous 199 

channel of CB. 200 

3.2. Catalysis properties of Au/CB 201 

The catalytic performance of as-prepared Au/CB catalysts was explored in the 202 
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catalytic reduction of 4-NP by NaBH4 as a model reaction at ambient temperature. The 203 

absorption peak of 4-NP in the UV-Vis spectra located at 317 nm, and shifted at 401 204 

nm in the presence of NaBH4 (Fig. S1). The color also changed from light yellow to 205 

bright yellow with the addition of NaBH4 and it did not change even for a month (inset 206 

of Fig. S1). This change is because of the formation of nitrophenolate ions in the 207 

alkaline medium of NaBH4, which confirms that the catalytic reduction was not 208 

triggered when only NaBH4 was present. However, with the addition of a small amount 209 

of Au/CB (0.2 g·L-1), the absorption peak of 4-NP decreased and a new peak at 301 nm 210 

increased subsequently. The color changed from bright yellow to colorless, suggesting 211 

the production of 4-AP. During the whole reduction process, the amounts of NaBH4 212 

were much higher than that of 4-NP. Hence, the pseudo-first order kinetics can be used 213 

to describe the reduction process [55]. The performance of as-prepared catalysts can be 214 

evaluated by the apparent rate constants (kapp) according to equation 1 [56].  215 

kapp = -ln (Ct/C0)/t                                                  (1) 216 

where C0 and Ct are the concentration of 4-NP at the initial time and different reaction 217 

time (t), they can be replaced with the absorbance of 4-NP (namely A0 and At). In this 218 

respect, the catalytic performance of different Au loadings was investigated. The 219 

corresponding kapp for Au/CB with different Au loadings are listed in Table S2. 220 

It is worth noting that the calculated loadings of Au are 0.5, 1.0, 1.5, 2.0, and 2.5 wt% 221 

respectively. However, the measurement contents of them by ICP-OES are 0.4, 0.88, 222 

1.2, 1.34, and 1.39 wt%, which are lower than the theoretical values. One of the reason 223 

may consist in the relatively low amount of oxygen-containing groups in CB, which 224 

limits the ability to anchor metal NPs on the surface [42]. With the increase of Au 225 

amount, the deposition sites of CB are plateaued, leading to the loss of AuNPs. Another 226 

possible reason is that AuNPs are reduced partially, resulting from the loss of HAuCl4. 227 
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In any case, with the increase of Au loadings, the catalytic activity of Au/CB is 228 

increased. Au/CB with 1.2 wt% exhibits the highest catalytic activity with the kapp of 229 

0.8302 min-1 (Fig. 5). As the loadings increase sequentially, the activity of Au/CB tends 230 

to decrease inversely. It is possibly because larger amount of AuNPs reduced the porous 231 

channel of CB, decreasing the specific surface area, pore size, and pore volume of 232 

catalyst, thus limiting the adsorption of 4-NP (Table S2). In addition, the turnover 233 

frequency (TOF) of Au/CB with different Au loadings was further calculated to 234 

evaluate the catalytic efficiency of as-prepared Au/CB catalysts. As exhibited in Table 235 

S2, the TOF of Au/CB with 1.2 wt% loading is much higher (492.50 h-1) than the others, 236 

implying it exhibits better catalytic performance compared to the other loadings. 237 

Besides, this work shows good catalytic performance when compared with other 238 

previous reports (Table S3). 239 

It is necessary to investigate the effect of NaBH4 concentration because this reduction 240 

reaction was triggered by NaBH4. To investigate the influence on catalytic performance 241 

with different amounts of NaBH4, the molar amount of NaBH4 for 100, 200, 250, 300, 242 

350, and 400 times over 4-NP was added to trigger the catalytic reduction. As indicated 243 

in Fig. S2, the kapp increased significantly with the increase of NaBH4. However, over 244 

300 times of NaBH4, the rates of rise reached the maximum because the reactants were 245 

saturated and the rate could not be improved even with more NaBH4. This phenomenon 246 

is similar to the reported paper [57]. Hence, in this paper, the concentration of NaBH4 247 

was chosen as 300 times over the amount of 4-NP, namely 150 mM. 248 

3.3. Catalytic performance of other Au/C catalysts 249 

ACk and AC are both biomass charcoals with abundant porous structure and huge 250 

specific surface area. MWCNTs are widely used in environmental remediation. In order 251 

to explore the performance of porosity on Au catalysts for catalytic reduction, these 252 
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four kinds of porous carbon materials were employed as supports to anchor AuNPs. 253 

The reduction of 4-NP by these catalysts were also proposed as comparison. The UV-254 

Vis spectra and pseudo-first-order kinetics fitting plot at suitable intervals are illustrated 255 

in Fig. 6. With the addition of catalysts, 4-NP was reduced completely about 10, 30, 256 

and 14 min for Au/MWCNTs, Au/ACk, and Au/AC respectively. As expected, the 257 

catalytic activity of Au/CB is much higher than the others and the reducing rates follow 258 

the order of Au/CB > Au/MWCNTs > Au/AC > Au/ACk with the values of 0.8302, 259 

0.4031, 0.3067, and 0.166 min-1. In this case, the XRD of Au/CB, Au/MWCNTs, 260 

Au/ACk, and Au/AC was measured as comparison. As shown in Fig. S3a, the 261 

characteristic peaks of XRD representing the (111), (200), (220), (311), and (222) 262 

crystal plane reflections of Au are observed in all of these catalysts, which means 263 

AuNPs were successfully deposited. The peak intensity of Au/CB is higher than the 264 

others, contributing to the highest catalytic activity. Interestingly, the peak intensity of 265 

Au/AC is higher than Au/MWCNTs, while the catalytic activity of Au/MWCNTs is 266 

better. To explain this phenomenon, the TEM of them was further measured. As 267 

obviously observed in Fig. S3b-d, AuNPs are successfully deposited on MWCNTs, 268 

ACk, and AC, but the AuNPs in Au/AC are aggregated obviously. It is reported that the 269 

catalytic activity of AuNPs were higher with the smaller particle size when the loading 270 

amount was the same [58]. Thus, the aggregated AuNPs in Au/AC drastically decreased 271 

the catalytic activity. Besides, the particles are well dispersed in Au/MWCNTs and the 272 

size of AuNPs in it about 5 nm is much smaller than the others. Thus, it is reasonable 273 

that the catalytic activity of Au/MWCNTs is higher than Au/AC and Au/ACk. Even so, 274 

it is important to remark that the catalytic activity of Au/MWCNTs is still lower than 275 

Au/CB because the size of AuNPs in Au/CB is smaller than Au/MWCNTs. On the other 276 

hand, the BET surface area of MWCNTs is about 110 m2·g-1, which is much smaller 277 
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than CB, hence limiting the adsorption of 4-NP and further decreasing the catalytic 278 

activity. 279 

3.4. Test of universality, stability, and practical application 280 

  In order to illustrate the universality of Au/CB catalyst, the catalytic reduction of 281 

other typical phenols and azo dyes, including 2-nitrophenol (2-NP), 3-nitrophenol (3-282 

NP), 2, 4-dinitrophenol (2, 4-DNP), Congo red (CR), methyl orange (MO), and 283 

Erichrome Black T (EBT), by Au/CB with 1.2 wt% loading was also proposed with the 284 

same procedure of 4-NP reduction. The UV-Vis spectra and pseudo-first-order kinetics 285 

fitting parameters of them are provided in Fig. 7 and Table S4. The results suggest that 286 

these compounds can be well reduced and the catalytic rate follows the order of MO>4-287 

NP>2-NP>3-NP>2, 4-DNP>EBT>CR with catalytic rates of 1.2869, 0.8302, 0.4599, 288 

0.4459, 0.4287, 0.4085, and 0.3652 min-1, respectively. The results are highly 289 

corresponded with the reported papers [46, 59]. It also demonstrates that this Au/CB 290 

catalyst can be used widely. Interestingly, the 2, 4-DNP with NaBH4 shows two 291 

absorption peaks at about 258 and 360 nm in the UV-Vis spectrum. The two peaks at 292 

258 and 360 nm decrease gradually with the addition of Au/CB and two new peaks 293 

appear at 276 and 442 nm, which indicates the formation of 2, 4-dinitrophenolate 294 

intermediate. With the further increasing of reaction time, the peak at 442 nm decreases 295 

and a new peak at 300 nm appears. The color of 2, 4-DNP also changes from yellow to 296 

pale orange and colorless during the whole reaction process. These results indicate the 297 

formation of 2, 4-diaminophenol and are in well agreement with the previous reports 298 

[60, 61]. 299 

To investigate the stability and reusability, the Au/CB was reused to reduce 4-NP 300 

about 10 cycles. As exhibited in Fig. 8, the Au/CB shows continuous decrease of 301 

catalytic activity within the first several recycles, but still reveals a high catalytic 302 
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efficiency of 4-NP reduction. After the third cycle, the activity of Au/CB tends to be 303 

stable. It may be because the loss of AuNPs on the surface decrease the catalytic activity, 304 

while the AuNPs inside remain stable catalytic activity for 4-NP reduction. Combining 305 

the results of XPS and XRD for Au/CB before and after several cycles, we speculate 306 

that AuNPs on the surface may be easy to loss but AuNPs restricted in the pore channels 307 

are stable and can provide good catalytic activity. 308 

  On the other hand, the catalytic performance on real water samples is very important. 309 

On this basis, reduction of 4-NP by Au/CB with 1.2 wt% loading on bottled water, tap 310 

water, lake water, and river water was performed. Obviously, 4-NP can eventually be 311 

completely reduced in these samples (Fig. 9), and the catalytic rates are 0.4480, 0.3613, 312 

0.2800, and 0.1303 min-1 for river water, bottled water, lake water, and tap water, in 313 

which the catalytic activity on tap water is the lowest one. This is possible because there 314 

are disinfectants or plenty of dissolved oxygen (DO) which can consume NaBH4, 315 

leading to limited catalytic activity. In this case, the concentration of ClO-, Cl-, and DO 316 

in these samples were detected. As shown in Table S5, the concentrations of ClO- and 317 

DO in tap water are higher than the others, especially the ClO- is not found except in 318 

the tap water. This results verify the speculation that the catalytic activity of Au/CB in 319 

real water is highly connected with the concentration of ClO- and DO. However, the 320 

concentration of DO in lake water is the lowest, but the activity is lower than the river 321 

water. This may be because of the presence of Cl- in lake water, which will poison the 322 

catalyst, thus reducing the catalytic efficiency. Anyway, the results for real water 323 

application reveal that the prepared Au/CB catalyst has great potential for practical 324 

application. 325 

3.5. Mechanistic insight in the reduction of nitroaromatics by Au/CB system 326 

Dispersed CB is spherical but easy to aggregate. According to the above analysis, we 327 
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speculated that some CBs were aggregated, resulting in the formation of macropore and 328 

mesoporous. Most of AuNPs were restricted inside the pores of CB. To verify this 329 

speculation, the SEM images with EDS analysis of Au/CB catalyst were proposed. As 330 

observed from Fig. S4, most of elements on the surface of Au/CB are C and O, while a 331 

very small part is Au. In addition, Au is not even detected in some places. The low 332 

content of AuNPs on the surface of Au/CB catalyst is similar with the results of XPS. 333 

However, the XRD analysis showed relatively strong diffraction peaks of AuNPs in 334 

Au/CB. The TEM images also demonstrated the presence of dispersed AuNPs. Hence, 335 

the possible mechanism of this reaction is proposed. Due to the excess use of NaBH4 336 

and the calculation of pseudo-first order kinetics, the mechanism of this reaction can be 337 

proposed as the Langmuir–Hinshelwood model. As shown in Scheme 1, when 338 

nitroaromatics added in the system, they are rapidly absorbed on the surface of CB 339 

because of the π-π stacking interaction, which promoting the access of nitroaromatics 340 

to AuNPs. In addition, the strong electron-withdrawing ability of nitro-group in 341 

nitroaromatics further enhances the π-π stacking interaction between nitroaromatics and 342 

CB [62]. As the presence of NaBH4, it reacts with water and plenty of activation 343 

hydrogen (i.e. H• radical species) is released. Subsequently, AuNPs capture the H• 344 

radical species to form Au-H bond. Due to the electronegativity discrepancy between 345 

H• and Au, positively charged N in the nitro-group of nitroaromatics is attacked by H•. 346 

The nitro-group is successfully reduced to nitroso group, hydroxylamine, and finally 347 

turns into the corresponding products. To verify the formation of Au-H bond and 348 

identify the role of AuNPs, EPR with 5, 5-Dimethylpyrroline N-oxide (DMPO) as a 349 

spin trapper was proposed to explore the evolution of H• radical species. As shown in 350 

Fig. S5a, a high signal intensity of nine-line SPR spectra is observed when DMPO 351 

presents in the solution containing NaBH4, 4-NP + NaBH4, and 4-NP + NaBH4 + 352 
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Au/CB 1.2 wt%. These spectra are composed by a 1:1:1 triplet of 1:2:1 triplets with aN 353 

= 16.62 G and aH = 22.58 G, which means there are plenty of H• radical adducts in the 354 

solutions. Simultaneously, no signal is observed in the absence of NaBH4, which 355 

indicates H• radical adducts are mainly produced by NaBH4. Nevertheless, the intensity 356 

of H• radical adducts is higher when Au/CB is added. This suggests the presence of 357 

Au/CB can promote the generation of H• radical adducts and form the Au-H bond [63, 358 

64]. Moreover, the evaluation of H• radical adducts with time change was also detected 359 

(Fig. S5b). At the beginning of reaction, NaBH4 is the main resource of H• radical 360 

adducts. The intensity of H• radical adducts trends to be stable. With time changes, the 361 

intensity increases and finally decreases, which indicates the consumption of H• radical 362 

adducts and completion of catalytic reduction. Since the reduction takes place on the 363 

active sites of AuNPs, the reduction process is a cycle of H• radical adducts trap and 364 

transportation. 365 

In this study, AuNPs are deposited both inside and on the surface of CB at the first 366 

cycle. The high activity of Au/CB with the content of 1.2 wt% can be attributed to the 367 

abundant hierarchical porous structure of CB and the synergistic effect of AuNPs and 368 

CB. Firstly, CB has high specific surface area for restricting Au, which is in favor to 369 

improve the stability. Secondly, the relatively small size and high dispersion of AuNPs 370 

provides more active sites, leading to high catalytic activity. Thirdly, the strong 371 

adsorption ability of CB towards phenols and dyes makes a higher concentration of 372 

targets near to the AuNPs, resulting in highly efficient contact between the targets and 373 

active sites. Most importantly, the property of CB with conductive matrix and 374 

supercapacitance promotes the electron transfer from CB to AuNPs, causing higher 375 

local electron densities and hence enhancing the uptake of electron by nitroaromatics. 376 

Although there are small amount of oxygen-containing groups on the surface of CB, 377 
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part of AuNPs are still anchored on the surface. However, after several cycles, the 378 

surface AuNPs tend to shed from CB and the catalytic activity decreases slightly. 379 

Fortunately, there are plenty of AuNPs may be restricted inside of CB because of the 380 

abundant porous structure. Therefore, the relatively stable and high activity can be 381 

achieved. 382 

4. Conclusion 383 

In order to investigate the property of pristine CB as the support for heterogeneous 384 

Au catalyst, an Au/CB catalyst was prepared by a simple polyols method for 385 

nitroaromatics reduction. Different kinds of porous carbon materials including CB, 386 

ACk, AC, and MWCNTs used as supports to anchor AuNPs were proposed as 387 

comparison to explore the contribution of pore structures for the catalytic activity. 388 

Results showed that Au/CB exhibited higher activity and lower cost than others. The 389 

abundant hierarchical porous structures of CB provided strong adsorption ability of 390 

nitroaromatics, which resulted in the high catalytic efficiency. Interestingly, the 391 

aggregation of CB provided more pores, which were beneficial for the AuNPs 392 

anchoring. The synergistic effect between AuNPs and CB further enhanced the catalytic 393 

activity. In addition, this Au/CB catalyst showed good universality, stability, and 394 

practical application. The hierarchical porous structures of CB are contributed to the 395 

high stable and catalytic activity of Au/CB, and because of the low cost it can be further 396 

used in environment field. 397 
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Figure captions: 630 

Fig.1. TEM and HRTEM images of CB (a-c) and Au/CB catalyst (d-f). 631 

Fig. 2. XRD plots of CB, Au/CB 1.2 wt% catalyst before and after catalytic reduction 632 

reaction. 633 

Fig. 3. XPS survey spectra (a), high-resolution spectra for Au 4f (b), and C 1s (c) of 634 

CB, Au/CB 1.2 wt% before catalytic reduction reaction and after several cycles. (d) 635 

Characteristic FT-IR spectra of CB (inset a) and Au/CB catalyst with different Au 636 

loadings (0.4, 0.88, 1.20, 1.34, and 1.39 wt% inset b-f). 637 

Fig. 4. Nitrogen adsorption-desorpton isotherms (a), BJH pore size distribution (b), and 638 

micropore pore size distribution (inset of b) of CB and Au/CB 1.2 wt% catalyst. 639 

Fig. 5. Time-dependent UV-Vis absorption spectra of 4-NP catalyzed by Au/CB 1.20 640 

wt% catalyst (a). Plots of ln(Ct/C0) versus reaction time and pseudo-first-order kinetics 641 

fitting of Au/CB with different Au catalysts (b). 642 

Fig. 6. Time-dependent UV-Vis absorption spectra of 4-NP catalyzed by Au/MWCNTs 643 

(a), Au/ACk (b), and Au/AC (c). Plots of pseudo-first-order kinetics fitting by 644 

Au/MWCNTs, Au/ACk, Au/AC, and Au/CB (d). 645 

Fig. 7. Time-dependent UV-Vis absorption spectra of 2-NP, 3-NP, 2, 4-DNP, CR, EBT, 646 

and MO reduced by Au/CB catalyst. 647 

Fig. 8. Reusability of 4-NP reduction by Au/CB for 50 min over 10 cycles. 648 

Fig. 9. Time-dependent UV-Vis absorption spectra of 4-NP reduction by Au/CB on 649 

bottled water (a), tap water (b), lake water (c), and river water (d) and the pseudo-first-650 

order kinetics fitting plots of them (e). 651 

Scheme 1. Mechanism of catalytic reduction of 4-NP by Au/CB catalyst before reaction 652 

and after several cycles. 653 

Ac
ce
pt
ed
 M
S



30 
 

Figures 654 

 655 

Fig.1. TEM and HRTEM images of CB (a-c) and Au/CB catalyst (d-f). 656 
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 658 

Fig. 2. XRD plots of CB, Au/CB 1.2 wt% catalyst before and after catalytic reduction 659 

reaction. 660 
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 662 

Fig. 3. XPS survey spectra (a), high-resolution spectra for Au 4f (b), and C 1s (c) of 663 

CB, Au/CB 1.2 wt% before catalytic reduction reaction and after several cycles. (d) 664 

Characteristic FT-IR spectra of CB (inset a) and Au/CB catalyst with different Au 665 

loadings (0.4, 0.88, 1.20, 1.34, and 1.39 wt% inset b-f). 666 
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 668 

Fig. 4. Nitrogen adsorption-desorpton isotherms (a), BJH pore size distribution (b), and 669 

micropore pore size distribution (inset of b) of CB and Au/CB 1.2 wt% catalyst. 670 
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 672 

Fig. 5. Time-dependent UV-Vis absorption spectra of 4-NP catalyzed by Au/CB 1.20 673 

wt% catalyst (a). Plots of ln(Ct/C0) versus reaction time and pseudo-first-order kinetics 674 

fitting of Au/CB with different Au catalysts (b). 675 
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 677 

Fig. 6. Time-dependent UV-Vis absorption spectra of 4-NP catalyzed by Au/MWCNTs 678 

(a), Au/ACk (b), and Au/AC (c). Plots of pseudo-first-order kinetics fitting by 679 

Au/MWCNTs, Au/ACk, Au/AC, and Au/CB (d). 680 
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 681 

Fig. 7. Time-dependent UV-Vis absorption spectra of 2-NP, 3-NP, 2, 4-DNP, CR, EBT, 682 

and MO reduced by Au/CB catalyst. 683 
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 685 

Fig. 8. Reusability of 4-NP reduction by Au/CB for 50 min over 10 cycles. 686 
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 688 

Fig. 9. Time-dependent UV-Vis absorption spectra of 4-NP reduction by Au/CB on 689 

bottled water (a), tap water (b), lake water (c), and river water (d) and the pseudo-first-690 

order kinetics fitting plots of them (e). 691 
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 693 

Scheme 1. Mechanism of catalytic reduction of 4-NP by Au/CB catalyst. 694 
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