
This is a n  Op e n  Acces s  doc u m e n t  dow nloa d e d  fro m  ORCA, Ca r diff U nive r si ty 's

ins ti t u tion al r e posi to ry: h t t p s://o rc a .c a r diff.ac.uk/id/e p rin t/11 3 1 3 7/

This  is t h e  a u t ho r’s ve r sion  of a  wo rk  t h a t  w as  s u b mi t t e d  to  / a c c e p t e d  for

p u blica tion.

Cit a tion  for  final p u blish e d  ve r sion:

H ao,  Cai-Ho n g,  Guo, Xiao-Ning,  M e e n a ks his u n d a r a m,  S a nk a r  ORCID:

h t t p s://o rcid.o rg/00 0 0-0 0 0 2-7 1 0 5-0 2 0 3,  Yang, H o n g,  M a,  Ben,  Zh a n g,  Yue-Fei,

Tong, Xi-Li, Jin, Guo-Qian g  a n d  Guo, Xiang-Yun 2 0 1 8.  Syn e r gis tic  effec t  of

s e g r e g a t e d  P d  a n d  Au n a no p a r ticles  on  s e micond uc ting  SiC for  efficien t

p ho toc a t alytic  hyd rog e n a tion  of ni t ro a r e n e s.  ACS Applied  M a t e ri als  a n d

In t e rf ac e s  1 0  (27) , p p.  2 3 0 2 9-2 3 0 3 6.  1 0.10 2 1/acs a mi.8b 0 4 0 4 4  file 

P u blish e r s  p a g e:  h t t p://dx.doi.o rg/10.10 2 1/acs a mi.8b 0 4 0 4 4

< h t t p://dx.doi.o rg/10.10 2 1/acs a mi.8b 0 4 0 4 4 >

Ple a s e  no t e:  

Ch a n g e s  m a d e  a s  a  r e s ul t  of p u blishing  p roc e s s e s  s uc h  a s  copy-e di ting,

for m a t ting  a n d  p a g e  n u m b e r s  m ay no t  b e  r eflec t e d  in t his  ve r sion.  For  t h e

d efini tive  ve r sion  of t his  p u blica tion,  ple a s e  r ef e r  to  t h e  p u blish e d  sou rc e.  You

a r e  a dvise d  to  cons ul t  t h e  p u blish e r’s ve r sion  if you  wish  to  ci t e  t his  p a p er.

This ve r sion  is b ein g  m a d e  av ailable  in  a cco r d a n c e  wit h  p u blish e r  policie s.

S e e  

h t t p://o rc a .cf.ac.uk/policies.h t ml for  u s a g e  policies.  Copyrigh t  a n d  m o r al  r i gh t s

for  p u blica tions  m a d e  available  in ORCA a r e  r e t ain e d  by t h e  copyrig h t

hold e r s .



 1 

Synergistic Effect of Segregated Pd and Au 

Nanoparticles on Semiconducting SiC for Efficient 

Photocatalytic Hydrogenation of Nitroarenes 

Cai-Hong Hao,1,5 Xiao-Ning Guo,1* Meenakshisundaram Sankar,2* Hong Yang,3 Ben Ma,1,5 Yue-

Fei Zhang,4 Xi-Li Tong,1 Guo-Qiang Jin,1 and Xiang-Yun Guo1* 

1 State Key Laboratory of Coal Conversion, Institute of Coal Chemistry, Chinese Academy of 

Sciences, Taiyuan, Shanxi 030001, China 

2 Cardiff Catalysis Institute, School of Chemistry, Cardiff University, Main Building, Park Place, 

Cardiff CF10 3AT, UK 

3 Department of Chemical & Biomolecular Engineering, University of Illinois at Urbana-

Champaign, 206 Roger Adams Laboratory, MC-712, 600 South Mathews Avenue, Urbana, 

Illinois 61801, United States 

4 Beijing University of Technology, Institute of Microstructure & Property of Advanced 

Materials, Beijing 100124, China 

5 University of the Chinese Academy of Sciences, Beijing 100039, China 

KEYWORDS: Photocatalytic hydrogenation, synergistic effect, Pd-Au nanoparticles, hydrogen 

spillover, silicon carbide 



 2 

ABSTRACT: Efficient catalytic hydrogenation of nitroarenes to anilines with molecular 

hydrogen at room temperature is still a challenge. In this study, this transformation was achieved 

by using a photocatalyst of SiC-supported segregated Pd and Au nanoparticles. Under visible 

light irradiation, the nitrobenzene hydrogenation reached a turnover frequency as high as 1715 h-

1 at 25 °C and 0.1 MPa of H2 pressure. This exceptional catalytic activity is attributed to a 

synergistic effect of Pd and Au nanoparticles on the semiconducting SiC, which is different from 

the known electronic or ensemble effects in Pd-Au catalysts. This kind of synergism originates 

from the plasmonic electron injection of Au and the Mott-Schottky contact at the interface 

between Pd and SiC. This three-component system changes the electronic structures of SiC 

surface and produces more active sites to accommodate the atomic hydrogen that spills over 

from the surface of Pd. These active hydrogen species have weaker interactions with the SiC 

surface and thus are more mobile than on an inert support, resulting in an ease in reacting with 

the N=O bonds in nitrobenzene absorbed on SiC to produce aniline. 

INTRODUCTION 

Anilines are important chemicals and intermediates widely used for the synthesis of dyes, 

agrochemicals and other fine chemicals.1-3 Industrially, anilines are mainly produced by the 

catalytic hydrogenation of nitroarenes at high temperatures and pressures, and the global output 

of anilines has reached more than 4 million tons per annum.4 Therefore, any improvements to 

this hydrogenation process will have a huge economic and environmental impact. Non-noble 

metal catalysts such as Co3O4,4 Fe2O3
5, PV-carbon6, noble metal catalysts, such as Au,7,8 and 

bimetallic catalysts, such as AuPt9 and CoPd10 have been investigated to improve the 

hydrogenation process. Photocatalytic transformation of nitroarenes to anilines is particularly 
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attractive because it can greatly reduce the energy consumption. However, in most of the 

photocatalytic hydrogenation routes, hydrogen donors such as formic acid, isopropyl alcohol or 

triethanolamine were used instead of gaseous H2.11-13 Recently, we reported a photocatalytic 

reduction of nitroarenes with H2 using graphene-supported CoS2 particles as the catalyst under 

mild condition, however with unsatisfactory activity.14 

For catalytic hydrogenation of nitroarenes, dissociation of H2 is the rate-determining step.9,15,16 

Corma et al. reported that the hydrogenation of nitrostyrene over Au/TiO2 catalyst proceeds via a 

cooperative effect in which Au sites dissociate H2 and TiO2 adsorbs nitrostyrene.17 However, 

similar cooperative effect was not observed for other supports such as SiO2 or carbon. This 

unique effect for TiO2 supported catalyst is attributed to the semiconducting properties of TiO2. 

Cubic SiC is a semiconductor with a band gap of ca. 2.4 eV, which can absorb visible light. 

Previous studies have shown that Pd/SiC and Au/SiC catalysts exhibit good photocatalytic 

activity for the hydrogenation of furan and cinnamaldehyde.18,19 These excellent photocatalytic 

performances of SiC-based catalysts are attributed to the absorption of visible light by SiC and 

the charge transfer between metals and SiC. Inspired by these results, we hypothesize that 

bimetallic Pd-Au nanoparticles supported on SiC may show unusual performances for the 

hydrogenation of nitroarenes. 

Pd-Au bimetallic catalysts exhibit markedly enhanced catalytic activity for selective oxidation, 

selective hydrogenation and other organic transformations,20-25 which is mainly caused by a 

synergism between Au and Pd including electronic and ensemble effect.26 In the electronic effect, 

electron transfer occurs between Au and Pd, resulting in charge-heterogeneous active sites.21,26 In 

the ensemble effect, the role of Au is to isolate or dilute single Pd sites or ensembles.27 

Depending on catalytic reactions and reaction conditions, either one or both of these effects are 
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involved. In almost all reports, the two metals are in close contact either in core-shelled or 

alloyed nanostructures.28,29 In this work, we report that segregated Pd and Au nanoparticles 

supported on SiC display a novel synergistic effect that changes the electronic structure of 

support surface, and thus exhibit significantly enhanced photocatalytic activity for the nitroarene 

hydrogenation. 

EXPERIMENTAL METHODS 

Preparation of catalysts. The SiC-supported 3 wt% Pd and 0.5 wt% Au catalyst 

(Pd3Au0.5/SiC) was prepared via the reduction of Pd(NO3)2 and HAuCl4 in succession. Firstly, 

965 mg of SiC powders were dispersed into 28.2 mL of Pd(NO3)2 aqueous solution (0.01 M). 20 

mL of lysine aqueous solution (0.53 M) was dropwise added into the above suspension under 

stirring for 30 min. 10 mL of NaBH4 solution (0.35 M) was added in 20 min, and then 10 mL of 

0.3 M HCl was dropwise added to the above suspension. The mixture was placed under stirring 

for 24 h. Next, 4.3 mL of HAuCl4 aqueous solution (2 mg/mL) was added and stirred for 2 h. 

Finally, the mixture was separated, washed and dried to obtain Pd3Au0.5/SiC catalyst. Other 

catalysts were prepared by the similar way. 

Characterizations. The high-resolution transmission electron microscopy (HRTEM, JEM-

2100F) and high-angle annular dark field scanning transmission electron microcopy (HAADF-

STEM) were used to investigate the microstructures of catalysts. X-ray photoelectron 

spectroscopy (XPS) was measured using Al Ka (hv=1486.6 eV) X-ray line on a Kratos 

XSAM800 spectrometer. X-ray diffractometer (XRD, Rigaku D-Max/RB) were used to 

characterize the crystalline phases. Diffusive reflectance UV-visible absorption spectra were 

measured with Al2O3 as the reference using a UV-3600 spectrophotometer (Shimadzu). The 
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photoluminescence (PL) spectra were recorded on F-7000 spectrofluorometer with an excitation 

wavelength of 320 nm (with a 390 nm filter) at room temperature. 

Pulse hydrogen adsorption and temperature programmed desorption (TPD). 50 mg of 

catalyst sample was pretreated in Ar flow (25 mL/min) at 400 °C for 2 h, and then cooled to 

room temperature. After the pretreatment, H2 was inducted to the sample in the form of pulse 

injection for 10-20 min until adsorption saturation. After pulse H2 adsorption, the system was 

purged with Ar (25 mL/min) until the signal reduced to constant. The temperature was ramped 

from 25 to 900 °C with a rate of 5 °C/min in Ar (25 mL/min). 

In-situ diffuse reflectance FT-IR measurement. Catalyst powders (ca. 20 mg) were placed 

in an in-situ IR cell with a heatable holder. The cell has multiple gas inlets for introduction of Ar 

or H2/Ar and an outlet for exhaust. Gas flow was controlled by mass flow controllers. In-situ 

diffuse reflectance FT-IR measurements were performed on a TENSOR27 infrared spectrometer 

with a resolution of 8 cm-1. The sample was firstly heated to 400 °C at 5 °C/min in Ar 

atmosphere with a flow rate of 60 mL/min, and kept under these conditions for 2 h, then cooled 

to 25 °C. A spectrum was taken for use as a background. Nitrobenzene was introduced to the 

catalyst sample, and then the sample cell was purged again using the Ar flow to remove non-

adsorbed nitrobenzene until a constant spectral signal was reached. H2/Ar (5 vol%) flow of 20 

mL/min was introduced into the cell, and the IR spectra were recorded. 

Test of catalyst activity. The reactant suspension consisted of 6 mmol of nitroarene, 25 mg of 

Pd3Au0.5/SiC catalyst and 10 mL of anhydrous ethanol. The reactions were conducted in ambient 

H2 flow at 25 oC under Xe-lamp irradiation (400-800 nm) with light intensity of 0.8 W∙cm-2. 

Dependence of the catalytic activity on the light wavelength was investigated using various low 
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pass optical filters to block off light below specific cut-off wavelengths while the light intensity 

remains unchanged. After reaction, qualitative and quantitative analysis of reactants and products 

were carried out by gas chromatography-mass spectrometry (GC-MS, Bruker SCION SQ 456 

GC-MS). The conversion was calculated based on the amount of nitroarene. The turn-over 

frequency (TOF) was calculated based on the following equation: 

 

RESULTS AND DISCUSSION 

SiC with a specific surface area of ca. 50 m2∙g-1 was prepared by a sol-gel and carbothermal 

reduction method.30,31 SiC-supported 3 wt.% Pd and 0.5 wt.% Au catalyst (Pd3Au0.5/SiC) was 

prepared via the reduction of Pd(NO3)2 and HAuCl4 in SiC suspension in succession. The 

photocatalytic performances of different catalysts for the hydrogenation of nitrobenzene with H2 

into aniline were investigated under the irradiation of a 300 W Xe lamp (400-800 nm; 0.8 W∙cm-

2). Pure SiC or Au0.5/SiC catalyst did not display any activity for the nitrobenzene hydrogenation 

with or without irradiation. From Table 1, Pd3/SiC catalyst gave a photocatalytic nitrobenzene 

conversion of 42% with a selectivity of 96% for aniline. The photocatalytic activity of the 

mixture of Pd3/SiC and Au0.5/SiC was 46% with a selectivity of 97% for aniline. It can be seen 

that the addition of Au/SiC has a little contribution to the nitrobenzene conversion. However, 

when 0.5 wt% of Au was incorporated to the Pd3/SiC catalyst, a substantial increase in the 

photocatalytic activity was observed. The bimetallic Pd3Au0.5/SiC catalyst yielded 100% of 

nitrobenzene conversion with 100% of aniline selectivity. The turnover frequency (TOF) was as 

TOF = 
Mass of Pd3Au0.5/SiC (g) × Pd loading (%) × reaction time (h)/M[Pd] (g∙mol-1) 

Amount of nitroarene (mol) × conversion (%) × selectivity (%) 
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high as 1715 h-1, which is one of the highest values reported so far (Table S1) for this reaction. 

Under the identical reaction condition, Pd3Au0.5/TiO2 and Pd3Au0.5/Al2O3 only gave a TOF of 

1274 and 951 h-1, respectively. These results suggest the important role of SiC support in 

enhancing the intrinsic catalytic activity of the bimetallic Pd-Au nanoparticles. Comparing with 

those results in dark, the activity and selectivity of four catalysts under irradiation all increased 

evidently, demonstrating major advantages of the photocatalytic reaction. Particularly, the 

obvious increments in the selectivity suggest that the photocatalytic hydrogenation obeys an 

electron-driven route.32 

Table 1．Performances of different catalysts for the hydrogenation of nitrobenzene to aniline 

under visible light irradiation and in the dark a 

Entry Catalyst 
Conversion (%) Selectivity (%) TOF (h-1) 

dark light dark light dark light 

1 Au0.5/SiC  0 0 0 0 0 0 

2 Pd3/SiC 11 42 70 96 132±11 691±20 

3b Pd3/SiC+Au0.5/SiC 10 46 75 97 128±17 765±24 

4 Pd3Au0.5/SiC 19 100 89 100 290±14 1715±0 

5 Pd3Au0.5/TiO2 15 75 82 99 211±15 1274±23 

6 Pd3Au0.5/Al2O3 17 56 78 99 227±21 951±27 

a The reactions were conducted in flowing atmospheric H2 at 25 oC using 10 mL anhydrous 

ethanol mixed with 6 mmol nitrobenzene and 25 mg catalyst. The irradiation intensity was 0.8 

W∙cm-2, and the reaction time was 30 min. b The catalysts included 25 mg Pd3/SiC and 25 mg 

Au0.5/SiC. 
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The photocatalytic hydrogenation of nitrobenzene over Pd3Au0.5/SiC using acetonitrile as 

solvent was also conducted while all the other experimental conditions remained unchanged. The 

reaction showed a 75% conversion of nitrobenzene with a selectivity of 99% for aniline. When 

the reaction was conducted using ethanol as solvent but under Ar atmosphere, only 0.5% 

conversion of nitrobenzene was obtained with 44% of aniline selectivity (the by-products 

included nitrosobenzene and azobenzene). These results suggest that nitrobenzene reacts with 

H2-derived H or alcohol derived H obeys different routes. Therefore, the main H source for 

nitrobenzene reduction in this work is H2. 

To test the general applicability of this catalyst, a number of substituted nitroarenes were 

tested under optimized conditions (Table 2). All these nitroarenes were transformed to 

corresponding anilines over Pd3Au0.5/SiC catalyst with high activity and selectivity in the 

presence of irradiation. The nitroarenes with electron-withdrawing groups (entries 1-6) showed 

higher activity than those with electron-donating groups (entries 7-10), which confirms the 

nucleophilic reaction mechanism.33 For p-chloronitrobenzene (entry 3), the low selectivity is due 

to the dehalogenation reaction.12,34 In particular, the nitroarenes with sensitive cyano, aldehyde 

or carboxyl substituents were also converted selectively into corresponding anilines (entries 4-6). 

These results demonstrate the general applicability of Pd3Au0.5/SiC catalyst for the 

hydrogenation of different nitroarenes with gaseous H2 to anilines. 

Table 2. Photocatalytic hydrogenation of nitroarenes to anilines over Pd3Au0.5/SiC catalyst a 

Entry Reactant 
Main 

product 
Time 
(min) 

Conversion 
(%) 

Selectivity 
(%) 

TOF 
(h-1) 

1   20 100 95 2444±70 
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2   30 100 80 1372±44 

3   25 100 64 1317±61 

4   25 100 100 2058±0 

5   25 99 98 1997±55 

6 
  

25 100 100 2058±0 

7   30 100 100 1715±0 

8   30 100 100 1715±0 

9 
  

30 100 100 1715±0 

10 
  30 100 100 1715±0 

a Reaction conditions: 6 mmol of reactant, 25 mg of Pd3Au0.5/SiC catalyst in 10 mL of anhydrous 

ethanol. The reactions were carried out in flowing atmospheric H2 at 25 oC under Xe-lamp 

irradiation (400-800 nm) with light intensity of 0.8 W∙cm-2. Products were identified by GC-MS 

spectrometry. 

The recyclability of Pd3Au0.5/SiC catalyst was investigated by reusing it for five runs under the 

identical reaction condition. This bimetallic catalyst can be reused with no measureable loss in 

both the catalytic activity and selectivity, proving its excellent stability and reusability (Figure 

S1a). TEM images of the catalyst after five runs show no obvious change in the particle size and 

morphology of both Au and Pd nanoparticles (Figure S1b). The XRD results of the used catalyst 

also suggest that the Pd and Au nanoparticles still exist on the SiC surface as metallic phase 

(Figure S1c). 
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Figure 1. (a) TEM image, (b) HAADF-STEM image of a Pd nanoparticle and Au nanoparticle 

and, (c) its corresponding high resolution elemental mapping (Au/blue, Pd/yellow, Si/green and 

C/red), (d) XRD patterns, (e), (f) XPS of Pd3Au0.5/SiC catalyst. (g) UV-Vis absorption spectra of 

different catalysts. The circle in (g) indicates the absorption caused by the localized surface 

plasmon resonance of Au nanoparticles. 

Different microscopic and spectroscopic methods were used to characterize the structural 

features of Pd3Au0.5/SiC catalyst. The transmission electron microscopic images (TEM) of 

Pd3Au0.5/SiC (Figure 1a and S2) show that the metallic nanoparticles are in the size range of 2-14 

nm. From the high-angle annular dark field scanning TEM (HAADF-STEM) results (Figure 1b), 

Pd and Au in the catalyst exist as segregated monometallic nanoparticles with average diameters 

about 3.9 and 8.2 nm, respectively (Figure S3). This monometallic particle segregation is further 
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confirmed by the high-resolution elemental mapping of Pd3Au0.5/SiC (Figure 1c). From the XRD 

patterns of the catalyst (Figure 1d), the diffraction peaks of face-centered cubic Au and Pd metals 

are clearly visible and the positions of Pd diffraction peaks do not shift (Figure S4). These results 

indicate that here, unlike Pd-Au alloys, there is no intimate mixing of Pd and Au nanoparticles. 

We also prepared SiC supported Pd-Au nanoparticles in alloyed nanostructure with the same 

loadings by simultaneously reduction of Pd and Au salts in a SiC suspension (Figure S5). The 

alloyed Pd3-Au0.5/SiC catalyst just yielded 70% of nitrobenzene conversion with 99% of aniline 

selectivity. The activity is lower than the present Pd3Au0.5/SiC catalyst, indicating the two 

catalysts possess different nanostructures. From the X-ray photoelectron spectroscopy (XPS) 

results of Pd3Au0.5/SiC, the binding energy (BE) of Pd 3d5/2 shifts slightly from 335.0 eV to 

lower values of 334.8 eV, relative to Pd/SiC (Figure S6a), suggesting an electron-enrichment on 

Pd (Figure 1e), while the BE value of Au 4f7/2 increases from 84.1 eV to 84.3 eV, relative to 

Au/SiC (Figure S6b), indicating a further electron-deficiency on Au (Figure 1f). This suggests 

electron transfer at the Pd/SiC and Au/SiC interfaces, which results from the Mott-Schottky 

contact and the injection of Au plasmonic electrons, respectively.35,36 From the ultraviolet-visible 

(UV-Vis) spectra (Figure 1g), Au0.5/SiC, Pd3/SiC and Pd3Au0.5/SiC show strong absorption in 

both UV and visible range compared to pure SiC, indicating that these supported nanoparticles 

can efficiently exploit the light energy. The strong absorption appearing at about 375 nm comes 

from SiC, while the very weak peak at approximately 520 nm is due to the localized surface 

plasmon resonance absorption of Au nanoparticles.37 Compared to pure SiC, the 

photoluminescence (PL) intensities of Au0.5/SiC, Pd3/SiC and Pd3Au0.5/SiC show obvious 

decrease (Figure S7a), indicating that the recombination of photo-generated electrons and holes 

in SiC has been effectively suppressed. Time-resolved transient PL decay spectra were employed 
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to investigate the rate of carrier recombination. From the spectra (Figure S7b), pure SiC has the 

longest PL lifetime (τ= 6.17 ns). However, the lifetime decreases to 5.39, 5.22 and 5.21 ns for 

Au0.5/SiC, Pd3/SiC and Pd3Au0.5/SiC, respectively, indicating that the photo-generated charges 

have been efficiently separated. The significant contribution of light irradiation to the catalyst 

activity can be clearly seen from Table 1, and it can be further confirmed by the dependences of 

catalytic activity on the irradiation intensity and wavelength (Figure S8). 

Since the dissociation of H2 is the rate-determining step for nitrobenzene hydrogenation, 

catalysts that effectively dissociate H2 can greatly improve the reaction activity.9 To confirm this, 

the H2 chemisorption capacity of a series of catalysts was measured by pulse adsorption at room 

temperature (Figure 2a and Table S2). The saturation adsorption of H2 on pure SiC support was 

630.4 μmol∙g-1, while that of Pd3/SiC was 1357.7 μmol∙g-1. By incorporating Au to the Pd 

catalyst, Pd3Au0.5/SiC showed an enhanced H2 capacity of 1803.7 μmol∙g-1, suggesting an 

interesting synergistic effect for H2 chemisorption. This trend directly correlates with the 

catalytic activities observed for these catalysts. Based on the chemisorption result of Pd3/SiC, the 

atomic ratio of H/Pd is about 9.6. The high H/Pd ratio indicates that most of hydrogen species 

are adsorbed on SiC surface and the hydrogen on SiC possibly results from the spillover from Pd 

particles. The saturation adsorption of H2 on Pd3Au1/SiC is close to Pd3Au0.5/SiC, while it 

decreases with further increasing the mass ratio of Au/Pd (> 1/3). The activities of catalysts with 

different Au/Pd ratios in 20 min were measured (Figure 2a). It can be found that the activities are 

in good accordance with the H2 adsorption capacities. The nitrobenzene conversion (C) increases 

with the quantity of adsorbed hydrogen atoms (QH) based on a power law, C∝QH
3.14 (Figure 

S9a). The power law indicates that the hydrogen species adsorbed on SiC surface directly 

contribute to the reaction. 
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Figure 2. (a) Dependences of H2 chemisorption capacity and nitrobenzene conversion on 

different Au loadings in SiC supported Pd-Au catalysts in which the loading level of Pd is 

constant of 3 wt.%. (b) H2-TPD profiles of Pd3/SiC and Pd3Au0.5/SiC. 

H2-temperature programmed desorption (TPD) is often used to investigate the active sites for 

H2 adsorption and to measure the strengths of hydrogen-surface interactions. Yu et al. studied a 

Pd-Au model catalyst, and reported that hydrogen desorption takes place at ~ -165 oC for 

monometallic Au, at ~ 37 – 47  oC for monometallic Pd, and at ~ -63 oC for the Pd-Au interface 

sites.38 Ouyang et al. studied Pd-Au/TiO2 catalysts for synthesis of hydrogen peroxide, and found 

there were several peaks ranging from 105 to 417 oC in the H2-TPD spectra, which corresponded 

to the desorption of H2 from different Pd sites. The complete desorption of H2 from Pd-Au/TiO2 

took place before 527 oC.39 Yoo et al. reported that high desorption temperature (> 527 oC) on 

Pd/Carbon-nanotubes was due to atomic spillover hydrogen that chemisorbed on the dangling 

bond of carbon surface.40 From the H2-TPD spectra of Pd3/SiC (Figure 2b), a small H2 

desorption peak appears at about 574 oC, then, huge H2 desorption starts from 760 oC and 

continues to above 800 oC. We measured the H2-TPD spectra of pure SiC and found that H2 

desorption started from 737 oC (Figure S9b). Therefore, the high desorption temperatures in 
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Figure 2b suggest that H2 directly desorbs from the SiC surface. Moreover, these results indicate 

that there exist at least two sites on the SiC surface for H2 chemisorption, weak and strong 

chemisorption sites. For Pd3Au0.5/SiC, the H2 desorption temperatures from the both sites 

evidently decreases to 542 and 660 oC, respectively. The decrease of desorption temperatures 

means that the adsorbed hydrogen species have weaker interactions with SiC surface and thus 

have higher reactivity. From the TPD results, the addition of Au obviously increases the active 

sites for H2 chemisorption but weakens the interactions of atomic hydrogen with SiC surface. 

The linear sweeping voltammetry curves further confirm this conclusion (Figure S10). The larger 

oxidation area of Pd3Au0.5/SiC means more adsorbed hydrogen. The oxidative potential of 

Pd3Au0.5/SiC is 0.1 V lower than that of Pd3/SiC, suggesting that Pd3Au0.5/SiC has weaker 

interactions to bond hydrogen atoms. The above results indicate that the addition of Au to 

Pd3/SiC has changed the interaction of atomic hydrogen with SiC surface. XPS analysis reveals 

that the electronic structures of Si 2p and C 1s in SiC have changed. Comparing with pure SiC, 

the BE values of Si 2p and C 1s in Pd3Au0.5/SiC decreases from 100.9 eV to 100.6 eV and from 

282.9 eV to 282.7 eV, respectively (Figure S11). The decrease of the BE values means that the 

electrons in SiC can more easily enter atomic orbits of some adsorbates on SiC surface, and thus 

the ability of SiC surface to bond the adsorbates becomes weak. After treating the catalysts in H2 

at room temperature, the electrical conductivity increased from 6.32×10-5 to 7.16×10-5 S∙cm-1 for 

Pd3/SiC, and from 9.43×10-5 to 11.0×10-5 S∙cm-1 for Pd3Au0.5/SiC, respectively. The increase is 

one of the important characters of hydrogen spillover.41 Based on Fermi-Dirac statistics, Roland 

et al. suggested that as an electron donor the spillover hydrogen on the surface of n-type 

semiconductors could form weak and strong chemisorption species.42 Hydrogen donates 

electrons to the conduction band of n-type SiC resulting in the metallization of SiC surface and 



 15 

improvement of the electrical conductivity.43 After H2-treatment, the PL spectra of all catalysts 

show obvious decrease in the PL intensity (Figure S12), supporting the electron donating. 

Although the hydrogen spillover on SiC surface has not been reported yet, numerous studies 

have revealed that atomic hydrogen can be chemisorbed on SiC surface and the migration of 

atomic hydrogen on SiC has a very low energy barrier.44 Generally, H atoms initially saturate 

top-layered Si dangling bonds and form strong Si-H with a bond length of about 1.5 Å, and 

further H atoms then asymmetrically attack weak Si-Si dimers below the top layer and form 

hydrogen bridge bonds (Si-H-Si) with a Si-H length of 1.68 Å. The electronic nature of SiC 

surface strongly depends on the hydrogen coverage. Since there are various defect sites on SiC 

surface, the spillover hydrogen can also be trapped by Si vacancies and form C-H bonds. From 

the in-situ diffuse reflectance FT-IR spectra of H2-treated Pd3Au0.5/SiC (Figure S13), the 

absorption bands at 2939 and 2057 cm-1 are attributed to the vibration of C-H and Si-H bonds, 

and the bands at 1502 and 1404 cm-1 are attributed to the hydrogen bridge bonds.44,45 However, 

these absorption bands were not observed in the IR spectroscopy of pure SiC or Au0.5/SiC. From 

all the above, it is concluded that H2 can be dissociated on Pd surface and then spillover to 

various sites of SiC surface. These spillover hydrogen species have lower bonding energies with 

surface Si atoms and lower barriers for migration on SiC surface, and thus are highly active in 

chemical reactions. 
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Figure 3. (a) In-situ diffuse reflectance FT-IR spectra of nitrobenzene adsorbed on different 

catalysts at 25 oC. (b) The evolution of in-situ FT-IR spectra of nitrobenzene adsorbed on 

Pd3Au0.5/SiC in a flow of H2/Ar (5 vol%). 

The adsorption of nitrobenzene on SiC surface was also investigated by both experiments and 

density functional theory (DFT) calculations. From the in-situ diffuse reflectance FT-IR spectra 

of nitrobenzene adsorbed on the SiC-supported catalysts (Figure 3a), two main absorption bands 

at 1519.3 and 1344.2 cm-1 are assigned to the asymmetric and symmetric –NO2 stretching 

vibrations, respectively.46 Compared with those on pure SiC, the absorption bands of –NO2 show 

negligible shifts, suggesting that the adsorption of nitrobenzene mainly occurs on the SiC surface 

rather than Au or Pd surface. With introduction of a H2/Ar (5 vol%) flow to the nitrobenzene-

adsorbed Pd3Au0.5/SiC, the absorption bands at 1519.3 and 1344.2 cm-1 gradually decrease and 

finally disappear while the characteristic absorption bands of aniline at 1594.5, 1491 and 1254 

cm-1 become more and more evident in 30 min (Figure 3b). The first two belong to the ring 

stretching vibration in aniline, and the rest one is assigned to the stretching vibration of C-N 

bond in aniline. The similar FT-IR evolution was not observed on pure SiC or Au0.5/SiC under 

the identical conditions. Additionally, the absorption bands of –NO2 on Pd3Au0.5/SiC can 
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completely disappear within 2 min by simultaneous introduction of the H2/Ar flow and the 

irradiation, suggesting that the important contribution of irradiation on the catalyst activity. 

These results indicate that the adsorption and hydrogenation of nitrobenzene occurs on the SiC 

surface. 

The density functional theory (DFT) calculations show that nitrobenzene molecules can be 

adsorbed on SiC(111) surface in both paralleled and vertical modes. However, the paralleled 

mode yields higher adsorption energy (Table S3), suggesting nitrobenzene molecules tend to 

adsorb on SiC surface in paralleled mode. Adsorbed nitrobenzene can easily react with atomic 

hydrogen on SiC(111) surface and produce aniline through direct or condensate route (Figure 

S14 and S15). Base on the present DFT calculations, aniline is inclined to be produced via the 

direct route on the hydrogen-rich SiC(111) surface (Table S4). Experimentally, we did not 

observe other byproducts except nitrosobenzene on SiC-supported catalysts, indicating the 

reaction is via direct route in this system. We employed pure SiC to catalyze the nitrobenzene 

hydrogenation at 120 oC. Aniline, azobenzene and azoxybenzene can be detected simultaneously. 

However, the increase in H2 pressure is in favor of the production of aniline (Figure S16). This 

further confirms that the spillover hydrogen on SiC surface largely contributes to the 

hydrogenation reaction. 

The roles of holes in photocatalytic processes are typically complicated.47 Under the 

irradiation, Au nanoparticles generate hot electrons and holes due to the localized surface 

plasmon resonance. The hot electrons are injected into the conduction band of SiC to activate the 

–NO2 group, while the holes on Au nanoparticles are balanced by electrons in the conduction 

band of SiC. Au has a work function of 5.1 eV, similar to Pd, and SiC has a work function of 4.0 

eV. Thus, Schottky contact could form at the interface between Au and SiC due to the difference 
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in work function between the two. Electrons transfer from SiC to Au in such Schottky contact 

because SiC is an n-type semiconductor. In this process, SiC provides low-energy electrons to 

Au and receives hot electrons from Au. Holes on SiC are also very important in this reaction. 

They result in additional active sites on the SiC surface to accommodate the spillover hydrogen, 

which acts as an electron donator.42 

CONCLUSION 

We have shown that isolated Pd and Au nanoparticles on SiC can effectively utilize the visible 

light to catalyze the hydrogenation of nitrobenzene with molecular hydrogen to form aniline with 

high activity and selectivity at room temperature. The excellent catalytic performances originate 

from the good light absorption of the catalyst, the electronic variation of SiC surface due to the 

synergistic effects from segregated Pd and Au nanoparticles and SiC surface. The Mott-Schottky 

contact between Pd and SiC can result in electron-rich Pd nanoparticles and heterogeneity in 

electron distribution on the SiC surface. H2 dissociates on the electron-rich Pd particles, and then 

dissociated hydrogen spills over to the SiC surface to form Si-H and C-H bonds. The localized 

surface plasmon resonance of Au nanoparticles not only results in effective light absorption but 

also generates energetic electrons on the SiC surface to activate adsorbed nitrobenzene molecules. 

The atomic hydrogen bonded on the SiC surface thus reacts with the activated nitrobenzene to 

produce aniline. The Pd3Au0.5/SiC photocatalyst can be applied to selective hydrogenation of a 

variety of nitroarenes to corresponding anilines, including many industrially important 

compounds. The importance of the present work is to reveal a novel synergistic effect of 

segregated Pd and Au nanoparticles on a semiconducting SiC support. Such configuration and 

the corresponding catalytic properties of support-mediated synergistic effect can be applied in 

other complex systems made of metal-semiconducting materials. 
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