
This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
author guidelines.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the ethical guidelines, outlined 
in our author and reviewer resource centre, still apply. In no 
event shall the Royal Society of Chemistry be held responsible 
for any errors or omissions in this Accepted Manuscript or any 
consequences arising from the use of any information it contains. 

Accepted Manuscript

rsc.li/catalysis

www.rsc.org/catalysis

ISSN 2044-4753

 Catalysis 
 Science & 
Technology

PAPER
Qingzhu Zhang et al.
Catalytic mechanism of C–F bond cleavage: insights from QM/MM 
analysis of fluoroacetate dehalogenase

Volume 6 Number 1 7 January 2016 Pages 1–308

 Catalysis 
 Science & 
Technology

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  H. Abdullah, D.

Kuo and N. S. Gultom, Catal. Sci. Technol., 2019, DOI: 10.1039/C9CY00502A.

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c9cy00502a
https://pubs.rsc.org/en/journals/journal/CY
http://crossmark.crossref.org/dialog/?doi=10.1039/C9CY00502A&domain=pdf&date_stamp=2019-04-15


1

1

2 N=N bond cleavage of azobenzene via photocatalytic hydrogenation with Dy-

3 doped Zn(O,S): The progress from hydrogen evolution to green chemical 

4 conversion

5

6 Hairus Abdullah, Dong-Hau Kuo*, Noto Susanto Gultom 

7 Department of Materials Science and Engineering, National Taiwan University of Science and 

8 Technology, No.43, Sec. 4, Keelung Road, Taipei 10607, Taiwan

9

10

11

12

13

14

15

16

17

18

19

20 *Fax: +011-886-2-27303291. E-mail: dhkuo@mail.ntust.edu.tw

21

Page 1 of 36 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
5 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

O
T

A
G

O
 o

n 
4/

20
/2

01
9 

4:
05

:1
5 

PM
. 

View Article Online
DOI: 10.1039/C9CY00502A

mailto:dhkuo@mail.ntust.edu.tw
http://dx.doi.org/10.1039/c9cy00502a


2

23 Graphical Abstract:

24

e-

h+ H+

H+

H+

H+

H+

H+

H+

H+

H+

H2

H+

H+

Vo

N N

NH2

NO2

OH
NH2

OH

Hydrogenation
reaction

Hydrogen
evolution
reaction

Vo

H+

25

26

27

28

29

Page 2 of 36Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
5 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

O
T

A
G

O
 o

n 
4/

20
/2

01
9 

4:
05

:1
5 

PM
. 

View Article Online
DOI: 10.1039/C9CY00502A

http://dx.doi.org/10.1039/c9cy00502a


3

31 ABSTRACT:

32 Hydrogen-evolved Dy-doped Zn(O,S) photocatalyst with different amounts of Dy precursor has 

33 been synthesized, characterized and further utilized for hydrogenation reactions. The Dy-

34 catalysts are firstly examined with electrochemical impedance spectroscopy, photo responsivity, 

35 and hydrogen evolution reaction. Dy-Zn(O,S) with 10% Dy precduror shows the best 

36 photocatalyst performance with a highest H2 production rate of 8.160 mmol/g·h. This catalyst is 

37 chosen for conducting the hydrogenation reaction. It is our intention to confirm the 

38 correlationship between photocatalytic H2 production rate and hydrogenation reactions of 4-

39 nitrophenol to 4-aminophenol and azobenzene to aniline, which is a step further in the 

40 hydrogenation reaction to challenge the N=N bond cleave of azobenzene. A 100% photo 

41 conversion of 60 ppm azobenzene to aniline in 6 h was confirmed under a low power UV light 

42 illumination in a 10% ethanol solution. Kinetic steps and kinetic mechanism are proposed, which 

43 involve the important reaction steps of solvation, adsorption, pinning, and surface hydrogenation 

44 reaction to operate together. 

45

46
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48 Introduction

49 Nowadays, energy and environmental issues have emerged as important topics at global level. 

50 As fossil fuel has been the main source of energy, our society depends on fossil fuel for most of 

51 their activities. However, the process to obtain the energy from fossil fuel releases CO2 to 

52 atmosphere and generates other environmental problems. The amount of CO2 in air has 

53 significantly increased and caused the elevation of global temperature. Therefore, naturally 

54 obtained energy carriers are urgently required to lower the negative effects of energy harnessing 

55 to environment. One of the most fascinating works to alleviate the global warming effects is the 

56 research on hydrogen evolution. Hydrogen as one of the most efficient and clean energy carriers 

57 has a great potential to replace fossil fuel in the future for its harmless combustion product of 

58 water.1 There are many reports on metal oxide, sulphide, phosphide, and oxysulfide solid 

59 solution photocatalysts for efficient photocatalytic water splitting using sacrificial reagents (such 

60 as Na2SO3, ethanol, and ethanolamine) in the past several decades.2-6 Photocatalysis with 

61 different kinds of semiconductor materials have been identified as one of the great methods to 

62 produce hydrogen due to its simplicity in applications, by which hydrogen can be generated with 

63 simply mixing semiconductor powders in water solution under the illumination with light. 

64 Chemical conversion with photocatalytic hydrogenation reaction (PHR) is also an on-going 

65 issue for the green technology.7 It is an important fundamental of chemistry to promote 

66 environment-friendly chemical conversion for synthesizing useful substances. The application 

67 using TiO2 semiconductor as a photocatalytic oxidant for detoxifying harmful chemicals has 

68 been avidly studied, because the photo-generated OH• radical can oxidize many organics.8 For 

69 photocatalytic reduction reaction, the efficient conversion of the toxic 4-nitrophenol (4-NP) to a 
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70 useful 4-aminophenol (4-AP) chemical with the Zn(O,S)-based nanoparticles without using 

71 reducing agents had been successfully developed in our group, following the success in HER.7, 9, 

72 10 For most of works on the 4-NP-to-4-AP conversion, ammonium formate and sodium 

73 borohydrate as proton sources were applied to accelerate the reduction reaction.1,19 The 

74 advantage of using our photocatalyst for liquid phase hydrogenation is the reaction cleanness and 

75 safeness due to the in-situ proton generation for HER and chemical conversion. Therefore, PHR 

76 of Zn(O,S)-based catalyst is promising and encouraging for further exploration to widen its 

77 environment-friendly application.1, 9, 11-13 

78 Aniline is one of the most important intermediates for polyurethane, dyestuffs and 

79 pharmaceuticals in industries.14-18 Currently, aniline production involves two steps, where 

80 benzene is firstly nitrated with a concentrated mixture of nitric acid and sulfuric acid at 50-60 °C 

81 to yield nitrobenzene (NB), followed by the catalytic hydrogenation at 200–300 °C.19 The NB-

82 to-aniline reaction also occurs at 90-125 oC under high H2 pressure,20-22 at 50 oC and H2 pressure 

83 of 3 MPa  in ionic liquid,23 and at 25 oC with electrocatalysis.24 For PHR, NB also can be 

84 converted to aniline over Bi2MoO6 with (NH4)2C2O4 as reducing agent or over g-C3N4 at 80 oC 

85 with N2H4·H2O in water.23, 25  Similar to the 4-NP-to-4-AP reaction, the NB-to-aniline one at a 

86 mild condition also needs the strong reducing agent to provide protons. 

87 Azobenzene (AB) with the N=N bond is a model chemical for the carcinogenic azo dyes 

88 widely used in textile industries. While aniline is mainly synthesized from nitrobenzene, its 

89 formation from AB by photocatalysis is less reported. Tada et al. in 2000 used Pt/TiO2 catalyst to 

90 complete the first study for the photocatalytic reduction of azobenzene.26 Their rate of reduction 

91 of AB to hydrazobenzene (HAB) increased with the loading of Pt to reach ~100% conversion, 
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92 91% selectivity for HAB, and 9% for aniline after 1h reaction. The amount of aniline increased 

93 to 19.2% after 3h reaction. Shiraishi et al. in 2018 reported PHR of AB had 95% selectivity for 

94 HAB and 5% for aniline.27 At this stage, HAB remains the predominant product for the PHR of 

95 AB, although Density Functional Theory (DFT) calculation indicates that, in the gas phase 

96 reaction, the formation of aniline on catalyst by the reaction with AB in the presence of a source 

97 of hydrogen is energetically favored. 

98 The present work intends to demonstrate that Dy-doped Zn(O,S) nanoparticles (NPs) with 

99 the photocatalytic HER capability can be used for the green chemical conversion through PHR. 

100 Two kinds of photocatalytic chemical conversions are selected: one is the conversion of 4-NP to 

101 4-AP with sodium sulfate as a hole scavenger and the other is the conversion of AB to aniline 

102 with 10% ethanol in aqueous solution. The total AB-to-aniline reaction can be expressed as:

103 Zn(O,S) with different Dy contents were characterized and tested at the first stage to find the best 

104 composition for the photocatalytic chemical conversions at the second stage. A complete 

105 conversion of AB to aniline had been achieved. The photocatalytic activities of Dy-doped 

106 Zn(O,S) for the hydrogenation of nitro and azo groups were evaluated and elucidated with 

107 proposed mechanism.    

108 Experimental Methods

109 Materials. 
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110 Zinc acetate dihydrate and dysprosium acetate hydrate were purchased from Alfa Aesar and 

111 Sigma Aldrich, respectively. Thioacetamide (TAA) as a sulfur source was obtained from 

112 Shanghai Aladdin Bio-Chem Technology Co., LTD. Hydrazine monohydrate (N2H4·H2O) was 

113 provided by Fisher Scientific U.K. limited. 99% 4-nitrophenol and 97%+ azobenzene were 

114 purchased from Alfa Aesar and Acros Organics, respectively. Sodium sulfite anhydrous 

115 (Na2SO3) was purchased from Alfa Aesar. All the chemicals were analitical grade without 

116 further purification.

117 Synthesis of Dy-doped Zn(O,S) NPs. 

118 Dy-doped Zn(O,S) powders were prepared based on the previous work1 with different amounts 

119 of Dy(CH3COO)3·xH2O precursor at 0%, 5%, 10%, and 20% for samples of Dy-Zn(O,S)-0, Dy-

120 Zn(O,S)-5, Dy-Zn(O,S)-10, and Dy-Zn(O,S)-20, respectively. In a typical preparation for Dy-

121 Zn(O,S)-10 NPs, 20 mmol Zn(Ac)2 dihydrate and 2 mmol Dy(CH3COO)3·xH2O were first 

122 dissolved in 500 mL distilled water, then followed by adding 10 mmol TAA. The solution was 

123 stirred to totally dissolve all the precursors, followed by heating to 95 oC with the ramp of 1.5 

124 oC/min. After the solution temperature reached 95 oC, 0.5 mL N2H4·H2O was added into the 

125 solution and continuously stirred for 4 h. Finally, the obtained white precipitate was collected by 

126 centrifugation after washing for three times with alcohol. To remove all the volatile species, the 

127 white powder was dried at 70 oC for 12 h in vacuum oven. The other catalyst powders for 0%, 

128 5%, and 20% were prepared by the same experimental procedure with an appropriate amount of 

129 Dy(CH3COO)3·xH2O.

130 Characterization techniques. 
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131 Morphology and microstructure of catalyst powder were both examined with field emission 

132 scanning electron microscopy (FE-SEM, JSM 6500F, JEOL, Tokyo, Japan). Powder X-ray 

133 diffraction (XRD) patterns of Dy-Zn(O,S) NPs with different contents of Dy precursor were 

134 recorded by Bruker D2-phaser diffractometer using Cu Kα radiation with a wavelength of 1.5418 

135 Å. Optical properties of Dy-Zn(O,S) NPs were examined with diffuse reflectance spectra (DRS) 

136 measurement using a Jasco V-670 UV-visible-near IR spectrophotometer. Energy bonding of 

137 each element in Dy-Zn(O,S) NPs was examined with X-ray photoelectron spectroscopy (XPS) 

138 measurement which was carried out on a VG ESCA Scientific Theta Probe spectrometer system 

139 with Al Kα (1486.6 eV) source. Electrochemical impedance spectroscopy (EIS) measurement 

140 was conducted by using a Bio-Logic Science Instruments with EC-Lab® software. Glassy 

141 carbon electrode (GCE), Ag/AgCl electrode, and platinum plate were respectively used as the 

142 working, reference, and counter electrodes in an electrochemical cell. High performance liquid 

143 chromatography (HPLC, Shimadzu LC-2010AHT) measurement was used to ensure the 

144 conversion of 4-NP to 4-AP after photo reaction with each time interval of one hour. The 

145 reaction solution was detected with UV detector at the monitoring wavelength of 323 nm and 

146 with fluorescence detector at the emission and excitation wavelengths of 300 nm and 323 nm, 

147 respectively. The 4-NP and 4-AP in aliquots were examined with ODS Hypersil (C18) 250*4.6 

148 column. The mobile phase was 20% methanol solution containing 5 mM tetrabutylammonium 

149 phosphate with the flowing rate of 1 mL/min at room temperature. To differentiate the 

150 azobenzene and aniline in aliquots, the reaction solution was collected and analyzed with Jasco 

151 V-670 UV−visible−near IR spectrophotometer and GC-MS with flame ionization detector (FID). 

152 Photocatalytic HER experiment. 
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153 The capability of Dy-Zn(O,S) to evolve hydrogen was tested in 500 mL borosilicate reactor 

154 containing 450 mL solution with 10% ethanol as a hole scavenger reagent. To evaluate the HER, 

155 100 mg Dy-Zn(O,S) powders with different amounts of Dy were applied and the experiments 

156 were run for 5 h with 4 W × 4 blacklight UV tube lamps (0.088 mW/cm2) illumination. The 

157 experiments were done with vigorous stiring to prevent the precipitation of catalyst powder 

158 during the photocatalytic session. Prior to starting the HER experiment, the reactor which 

159 containing catalyst-dispersed ethanol solution was purged by Ar with flowing rate of 100 

160 mL/min for 1 h to remove all the atmospheric air in reactor. The existences of atmospheric air in 

161 reactor were then evaluated with GC. If the signals from oxygen and nitrogen appeared in GC 

162 analysis, the purging process had to continue. After the air in reactor had been sterilized, the 

163 illumination system would be turned on and an aliquot was taken every 30 min. The sampling 

164 process needed several minutes to flow the evolved hydrogen from reactor to GC system set with 

165 the retention time of 0.6 min. Finally, the hydrogen amount was measured based on the peak 

166 area. 

167 Photocatalytic hydrogenation of 4-NP to 4-AP. 

168 The hydrogenation of 4-NP experiment was conducted in a 500 mL reactor which was inserted 

169 with 4 W × 4 UV blacklight lamps during the photocatalytic session. The reactor was  

170 continuously flushed with Ar gas during reaction. In the experiment, 200 mg Dy-Zn(O,S) 

171 powder was well dispersed in 450 mL 4-NP solution (30 ppm) containing 100 mg Na2SO3. Prior 

172 to starting the light illumination, the solution was stirred in dark condition for 30 min. An aliquot 

173 was taken before the light illumination. After starting the light illumination, aliquots were taken 

174 at the time interval of 15 min to easily observe the 4-NP conversion with UV-vis spectroscopy. 
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175 To ensure the total conversion of 4-NP to 4-AP, another experiment with the same condition was 

176 carried out for 2 h with the aliquots were hourly taken. The aliquots were examined with HPLC 

177 to ensure the conversion product of 4-AP. UV detector with the monitoring wavelength of 323 

178 nm for detecting 4-NP and fluorescent detector with the excitation and emission wavelengths at 

179 300 nm and 323 nm, respectively, for 4-AP were used during the HPLC measurement. 

180 Photocatalytic hydrogenation of azobenzene to aniline. 

181 The hydrogenation reaction for 15 ppm AB was also carried out in the same reactor as used for 

182 the 4-NP reduction reaction. During the experiment, Ar gas was continuously flowed through the 

183 reactor. To convert azobenzene to aniline, 200 mg catalyst powder and and 15 ppm AB were 

184 dispersed in 400 mL aqueous solution with 10% ethanol. Ethanol was necessary not only for the 

185 dissolution of azobenzene but also for being a hole scavenger reagent during PHR. To reach the 

186 adsorption and desorption equilibrium between catalyst and azobenzene, the catalyst-dispersed 

187 azobenzene solution was stirred for 30 min before starting the light illumination. Aliquots were 

188 taken with a certain time interval before and during photocatalytic session and examined with 

189 UV-vis spectroscopy. To further ensure the conversion product of aniline, GC-MS with flame 

190 ionization detector (FID) was used to analyzed the product from the reaction with 60 ppm AB of 

191 much high concentration. 

192 Results and discussion

193 X-ray diffraction (XRD) structure analysis. 

194 Fig. 1 shows the XRD crystal structure of Dy-Zn(O,S) powders prepared with different Dy 

195 precursor contents. XRD pattern of Dy-free Zn(O,S)-0 agreed with our previous work1, with the 

Page 10 of 36Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
5 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

O
T

A
G

O
 o

n 
4/

20
/2

01
9 

4:
05

:1
5 

PM
. 

View Article Online
DOI: 10.1039/C9CY00502A

http://dx.doi.org/10.1039/c9cy00502a


11

196 standard JCPDS files of ZnO and ZnS evaluated in Fig. S1 in supplementary data. The main 

197 peaks of Zn(O,S)-0 solid solution in the planes of (111), (220), and (311) were located between 

198 those of cubic ZnO (JCPDS #65-2880) and ZnS (JCPDS #05-0566). With increasing the Dy 

199 contents, XRD patterns of Dy-Zn(O,S) did not show the peak shifts, which indicated Dy-Zn(O,S) 

200 still remained solid solution with Dy embedded at the cation site. The average crystalline size of 

201 all Dy-Zn(O,S), calculated with the (111) peak, was about 2.5 nm. 

202       

20 25 30 35 40 45 50 55 60 65 70

20 25 30 35 40 45 50 55 60 65 70

2 theta (degree)

0% Dy-doped Zn(O,S)

In
te

ns
ity

 (a
.u

)

(111)

(220)
(311)

5% Dy-doped Zn(O,S)(111)

(220)
(311)

10% Dy-doped Zn(O,S)(111)

(220)
(311)

20% Dy-doped Zn(O,S)(111)

(220)
(311)

203 Fig. 1. XRD patterns of Dy-doped Zn(O,S) with different contents of dysprosium.
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205 Scanning electron microscopy (SEM) analysis. 

206 The morphology and microstructure of Dy-Zn(O,S) with different Dy contents are examined and 

207 shown in Figure S2. It showed all the particles with different contents of Dy did not exhibit 

208 different morphologies. The particles less than 100 nm were aggregated to form larger 

209 agglomerates. To show all the elements in Dy-Zn(O,S)-10 NPs, FE-SEM elemental mapping was 

210 carried out on catalyst surface with a depicted-red rectangle area on the image for the mapping 

211 scan, as shown in Fig. 2. The signals related with Zn, O, S, and Dy elements in Dy-Zn(O,S)-10 

212 NPs were collected and shown as the blue, green, red, and gray dot patterns in Fig. 2. The 

213 elemental mapping notified Dy had a lower signal intensity for its lower content. The amount of 

214 Dy in catalyst was confirmed with electron dispersed spectroscopy (EDS) analysis. Due to the 

215 low synthesis temperature below 100 oC, Dy amount was much lower as compared to its amount 

216 of Dy precursor. The atomic ratio values of Dy/(Zn+Dy) were 0%, 0.25%, 2.70%, and 4.20% for 

217 Dy-Zn(O,S)-0, Dy-Zn(O,S)-5, Dy-Zn(O,S)-10, and Dy-Zn(O,S)-20, respectively. The overall 

218 EDS analysis results were presented in Table S1. The excessive Dy did not precipitate and was 

219 washed away during the powder preparation stage.

220

221

222

223

224

225

226
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227

228

229

230

231

232

233

234

235

236

237

238

239

240

241 Fig. 2. SEM image of Dy-Zn(O,S)-10 nanoparticles and its elemental mapping at the depicted-

242 red rectangle area. 

243

244 Transmission electron microscopy (TEM) analysis. 

245 Fig. 3a shows the TEM image of Dy-Zn(O,S)-10 NPs. The particle size of Dy-Zn(O,S) was very 

246 tiny and aggregated to form larger sphere-like particles with the size of 100 nm. The tiny size of 

247 Dy-Zn(O,S)-10 NPs was consistent with the crystalline size calculated with XRD data by 

248 Scherer equation. Figs. 3b and 3c show the lattice fringes and selected area electron diffraction 

249 (SAED) ring patterns of Dy-Zn(O,S) NPs, respectively. The lattice fringes in Fig. 3b show the 

Z
n

O S D
y

100 nm
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250 lattice parameters of 2.67, 2.92, and 2.94 Å are between those of ZnO (111) and ZnS (111) 

251 planes and consistent with our previous works 1, 11 The varying lattice fringe values in Fig. 3b 

252 were related to broad ring patterns, as shown in Fig. 3c. As a broad (111) ring pattern was found, 

253 the depicted-outer and -inner ring patterns corresponding with ZnO (111) and ZnS (111) planes, 

254 respectively, were provided to clearly approve the formation of Dy-Zn(O,S) solid solution. The 

255 broad ring patterns were also observed for (220) and (311) planes. A random distribution of the S 

256 content in Dy-Zn(O,S) is the major reason for the broad diffraction ring.
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275 Fig. 3. (a) Low and (b) high magnification of HRTEM images of Dy-Zn(O,S)-10 with (c) the 

276 broad ring pattern obtained from SAED. The broad ring pattern for (111) was located between 

277 the depicted outer and inner ring patterns of ZnO and ZnS, indicating the formation of solid 

278 solution of oxysulfide.  

279

280 Diffuse reflectance spectroscopy (DRS) analysis. 

281 Fig. S3a show diffuse reflectance spectra of Dy-Zn(O,S) with different Dy amounts. Compared 

282 with the Dy-free Zn(O,S), all the Dy-Zn(O,S) showed an improved absorbance in the UV range. 

283 Based on the DRS measurements, the converted Tauc plots are shown in Fig. S3b. Tauc plot was 

284 obtained with the formula of αhν = A (hν - Eg)m for Eg > hν, where α is the material optical 

285 absorbance, hν is the photon energy; Eg is the bandgap energy; and m = 0.5 and 2 are for the 

286 materials with direct and indirect allowed transition band gap, respectively. The direct bandgap 

287 values of Dy-Zn(O,S) were about 3.54–3.57 eV, which were between those of ZnO (3.2 eV) and 

288 ZnS (4.1 eV) due to the formation of solid solution. Based on the optical property data, the 

289 blacklight UV tube lamps with the wavelength of 352 nm were selected as a light source to meet 

290 the requirement for our photocatalysts.

291 X-ray photoelectron spectroscopy (XPS) analysis. 

292 To identify the chemical state of each element in catalysts, XPS measurement as one of the  

293 surface-sensitive quantitative spectroscopic techniques was carried out on Dy-Zn(O,S)-10. Fig. 4 

294 shows the XPS spectra of (a) Zn 2p, (b) Dy 4d, (c) O 1s, and (d) S 2p orbitals for Dy-Zn(O,S)-

295 10. Fig. 4a shows the binding energy values of Zn (2p1/2) and Zn (2p3/2) at 1046.9 eV and 1023.8 

296 eV, respectively, which are consistent with literature data.28 Fig. 4b shows the binding energy 

297 value of Dy (4d) at 152.5 eV with low energy intensity for its low content.28 Fig. 4c shows the 
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298 binding energy values of O (1s) at 529.6 eV, 530.3 eV, and 531.4 eV, which are contributed 

299 from the oxygen in lattice (OL), oxygen vacancy (Ov), and oxygen adsorbed (Oads) as hydroxide, 

300 respectively, on catalyst surfaces.1 69.89% OL, 15.59% Ov, and 14.52% Oads were calculated 

301 from the peak area of oxygen in Fig. 4c. Fig. 4d shows the binding energy values of S (2p1/2) and 

302 S (2p3/2) at 164.7 eV and 163.2 eV, respectively, and were consistent with literature data.1, 28

303                                                                                      

304

305

306

307     

308

309

310

311

312

313 Fig. 4. XPS spectra of (a) Zn 2p, (b) Dy 4d, (c) O 1s, and (d) S 2p orbitals for Dy-Zn(O,S)-10. 

314

315 Electrochemical impedance spectroscopy (EIS) analysis. 

316 To examine the electron transfer properties of Dy-Zn(O,S) NPs with different Dy contents during 

317 photocatalytic reaction, EIS measurement was carried out in a 0.1 M KCl solution at the 

318 frequency range from 50 KHz to 0.1 Hz, window potential from -1 – 1 V, scan rate of 10 mV, 
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319 and signal amplitude of 10 mA. The catalyst-dispersed solution was prepared with 5 mg powder 

320 in 1 mL Nafion solution (DI water : isopropanol = 3 : 1) and then coated on GCE. Fig. 5 shows 

321 the electrochemical impedance spectra of Dy-Zn(O,S) with different Dy contents on a Nafion-

322 fixed GCE electrode. The spectra were fitted with the equivalent Randles circuit to obtain the 

323 resistance values of 34.2 KΩ, 14.9 KΩ, 6.56 KΩ, and 21.4 KΩ for Dy-Zn(O,S)-0, Dy-Zn(O,S)-5, 

324 Dy-Zn(O,S)-10, and Dy-Zn(O,S)-20, respectively. Dy-Zn(O,S)-10 with 6.56 KΩ showed the 

325 lowest resistance, indicating the most efficient electron transfer property at the interface between 

326 electrode and electrolyte during the EIS measurement. From the experimental data, Dy-Zn(O,S)-

327 10 is expected to have the excellent photocatalytic activity.

328

329

330

331

332

333

334 Fig. 5. Electrochemical impedance spectra of Dy-Zn(O,S) with different Dy contents on a 

335 Nafion-fixed GCE electrode in 0.1 M KCl solution. The inset shows the equivalent Randles 

336 circuit for curve fitting.

337

338 Photoresponse analysis. 
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339 One of the indications for photocatalytic activity is the photocurrent induced by photon during 

340 light illumination. If a higher current is induced by photon, a higher catalytic activity can occur 

341 to support HER or hydrogenation reaction. Fig. 6 shows the photoresponses of Dy-Zn(O,S) at 

342 different Dy contents on modified GCE as working electrodes in 0.1 M KCl solution under UV 

343 LED light illumination with the chopping frequency of 25 mHz. The photo current values were 

344 measured to be 102, 117, 192, and 136 pA for Dy-Zn(O,S)-0, Dy-Zn(O,S)-5, Dy-Zn(O,S)-10, 

345 and Dy-Zn(O,S)-20, respectively. Dy-Zn(O,S)-10 achieved the highest photo current of 192 pA. 

346 The other feature in Fig. 6 is the longer tail for the Dy-Zn(O,S)-10, which indicates a slower 

347 recombination rate between hole and electron after the light illumination is turned off. The photo 

348 current data was also consistent with EIS data in Fig. 5. 

349
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358 Fig. 6. Photoresponses of Dy-Zn(O,S) with different Dy contents on a Nafion-fixed GCE 

359 working electrode in 0.1 M KCl solution under UV LED light illumination with a chopping 

360 frequency of 25 mHz.  

361

362 Assessment of photocatalytic HER. 

363 Fig. 7 shows the amounts of hydrogen evolved from 10% ethanol solution with different Dy-

364 Zn(O,S) catalysts. The experimental data indicated Dy-Zn(O,S) prepared with different Dy 

365 precursor contents of 0, 5, 10, and 20% could achieve 25.8, 37.6, 40.8, and 31.1 mmol/g, 

366 respectively, for 5 h photocatalytic reaction. The maximum amount of evolved hydrogen reached 

367 40.8 mmol/g or 8.160 mmol/g·h, which was significantly enhanced by almost 60%, as compared 

368 to that with Dy-free Zn(O,S).1 The color of Dy-Zn(O,S) powders were changed to gray color 

369 during the HER reaction but reversibly changed back. This phenomenon supports the reversible 

370 process with the lattice oxygen removal for oxygen vacancy at the light-on condition and the 

371 annihilation of oxygen vacancy at the light-off condition.
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373 Fig. 7. Hydrogen evolution amounts from a 10% ethanol solution in the presence of Dy-Zn(O,S) 

374 with different Dy contents under blacklight UV tube lamps illumination.

375

376 Evaluation of photocatalytic hydrogenation of 4-NP to 4-AP. 

377 After the evaluations with EIS, photoresponse, and HER, Dy-Zn(O,S)-10 was selected for green 

378 chemical conversion. Fig. 8 shows the variation of UV-vis spectra with reaction time for 30 ppm 

379 4-NP catalyzed with (a) Na2SO3+Dy-Zn(O,S)-10, (b) Na2SO3+Zn(O,S), and (c) Dy-Zn(O,S)-10 

380 after illuminated with 4 W × 4 UV blacklight tube lamps. Fig. 8a shows the total conversion of 

381 NP to nitrophenolate with a characteristic peak at 400 nm for Dy-Zn(O,S) in the presence of 

382 sulfite ions. The nitrophenolate ions gradually converted to 4-AP in 45 min, accompanied with 

383 the disappearance of peak at 400 nm and the appearance of peaks at 302 and 230 nm. Fig. 8b 

384 shows the chemical conversion with Dy-free Zn(O,S). It displayed a similar conversion behavior 

385 to that with Dy-doped one but took more than 60 min to complete the conversion. The data 

386 indicated Dy doping also improved the photocatalytic activity of Zn(O,S) for chemical 

387 conversion of 4-NP. The absorbance at 400 nm in UV-vis spectra is due to the formation of 

388 nitrophenolate ions after adding Na2SO3. As the solution pH becomes higher, nitrophenolate ions 

389 will be formed and adsorbed on catalyst surfaces, subsequently, the absorbance peak at 400 nm 

390 becomes lower for Dy-doped Zn(O,S). The data suggests more positively oxygen-vacancy-sites 

391 of Dy-doped Zn(O,S) have more adsorption of negatively nitrophenolate ions as compared to 

392 Dy-free Zn(O,S), therefore the reduction of nitrophenol on Dy-doped Zn(O,S) is faster. Fig. 8c 

393 shows the chemical conversion of 4-NP without the addition of Na2SO3. Here, there was no 

394 nitrophenolate peak at 400 nm before the light illumination. The conversion from 4-NP with 

395 peak at 317 nm occurred slowly not only to 4-AP with peaks at 302 and 230 nm but also to 

396 nitrophenolate with peak at 400 nm. Therefore, 4-NP could be well reduced to 4-AP with Dy-
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397 Zn(O,S)-10 in Na2SO3 solution at a relatively short time. After the conversion, the powder was 

398 evaluated with XRD to study its structural stability. As shown in Fig. S4, no observable 

399 structural change can be detected. Other M-Zn(O,S) photocatalysts with M= Sn, Mn, and La had 

400 been evaluated, however a twice conversion time was needed.9, 29, 30 Therefore, it is one of the 

401 purposes to use the excellent Dy-Zn(O,S) for conversion of azobenzene to aniline, which is 

402 commonly known as a sluggish conversion reaction. 

403 The 4-NP-to-4-AP conversion was further analyzed with HPLC. 4-NP and 4-AP were 

404 respectively monitored with UV and fluorescent detectors at the retention times of 31.8 min and 

405 18.3 min. Fig. S5 shows HPLC plots of (a) 4-NP and (b) 4-AP solutions after photocatalytic 

406 reduction in the presence of Dy-Zn(O,S)-10. The conversion was complete in 2 h with the 

407 gradual increased peak intensity of 4-AP and the gradually decreased intensity of 4-NP.

408 To understand the kinetic mechanism of 4-NP reduction, the experiments to observe the 

409 evolved hydrogen with and without 30 ppm 4-NP solution in the presence of Dy-Zn(O,S)-10 and 

410 Na2SO3 were executed with GC-TCD. Fig. S6 shows the amounts of evolved hydrogen during 

411 the photocatalytic session in the presence of Dy-Zn(O,S)-10 with and without 4-NP in solution. 

412 The data showed the amount of the evolved hydrogen in 4-NP solution was lower than that in 4-

413 NP-free solution, implying the evolved hydrogen ions on catalyst were not reduced by electron 

414 to form hydrogen gas, but used for the reduction of 4-NP to 4-AP. 

415
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448 Fig. 8. The variation of UV-vis spectra with reaction time for 30 ppm 4-NP catalyzed with (a) 

449 Na2SO3+Dy-Zn(O,S)-10, (b) Na2SO3+Zn(O,S), and (c) Dy-Zn(O,S)-10 after illuminated with 4 

450 W × 4 UV blacklight tube lamps.

451

452 Evaluation of photocatalytic hydrogenation of azobenzene to aniline. 

453 Fig. 9a shows the UV absorbance spectra of 15 ppm azobenzene solution after 0-min, 15-min, 

454 30-min, and 60-min photo reaction with Dy-Zn(O,S)-10. As the trans-azobenzene easily changed 

455 to cis-azobenzene under light (UV or vis) illumination, the specific absorbance spectrum of cis-

456 azobenzene was observed before light illumination for PHR. After 15-min photo reaction, the 

457 UV absorbance peaks of AB were shifted to the characteristic peaks of aniline at 237 nm. 48% 

458 aniline was formed in 15 min from AB, after we compared it with the peak intensity of 15 ppm 

459 standard aniline at the same condition. An appropriate hydrogenation reaction step is proposed 

460 and shown as an inset in Fig. 9a. To ensure the formation of aniline as a hydrogenation product, 

461 the other experiment with higher concentration of 60 ppm azobenzene was carried out and the 

462 aliquots after 0-h, 2-h, 4-h, and 6-h reactions were taken for GC-MS measurement. The result of 

463 GC-MS measurement after 6 h reaction was shown in Fig. 9b and it revealed that 60 ppm 

464 azobenzene was totally converted to aniline after 6-h reaction. Although the UV-vis spectra data 

465 indicated about 48% of the azobenzene had been hydrogenated to aniline in 15 min, however to 

466 achieve 100 % azobenzene-hydrogenated aniline, a relatively lengthy photocatalytic session was 

467 required. It might be due to the much higher AB concentration or the converted aniline on 

468 catalyst to cover the active sites of catalyst. The existences of azobenzene and aniline during 2 h, 

469 4 h, and 6 h reactions were shown in the inset in Fig. 9b. During the photocatalytic conversion 

470 reaction at 2 h and 4 h, azobenzene and aniline were still existed in solution. However, after 6-h 

471 reaction, only aniline was detected as a product of azobenzene hydrogenation. Commonly, 
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472 hydrogenation reaction for chemicals with azo bond is quite hard, however the experimental data 

473 indicate that the double bond of nitrogen in azobenzene could be broken and hydrogenated with 

474 Dy-Zn(O,S) photocatalyst. To show the effect of Dy doping, pure Zn(O,S) (without Dy doping) 

475 was used to hydrogenate azobenzene with the same experimental condition. The result indicated 

476 pure Zn(O,S) could not totally convert azobenzene to aniline as one of the characteristic cis-

477 azobenzene peaks at 430 nm in UV-vis measurement (Fig. S7) was still shown up, which 

478 revealed intermediates might remain for Dy-free Zn(O,S) catalyst. To show a hydrogenation 

479 reaction to use the hydrogen generated from HER on Dy-Zn(O,S), an experiment to measure the 

480 evolved hydrogen with and without azobenzene was conducted for the solution. Fig. S8 shows 

481 the hydrogen evolution obtained from HER on Dy-Zn(O,S)-10 nanoparticles with and without 60 

482 ppm azobenzene in 10% ethanol solution. It was obviously shown that the evolved hydrogen 

483 amount from azobenzene-contained solution was lower than that from azobenzene-free solution. 

484 After the conversion, the powder was evaluated with XRD to study its structural stability. As 

485 shown in Fig. S9, no observable structural change can be detected.

486

487

488

489

490

491

492

493
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(a)

Mass spectra for AB solution after 6 h reaction
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518 Fig. 9. (a) UV-vis absorbance spectra of 15 ppm azobenzene solution with different photo 

519 reaction times and (b) GC-MS spectra of 60 ppm azobenzene solution after 6 h reaction with a 

520 inset table to show the existences of azobenzene and aniline in different reaction times. 

521
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523 Photocatalytic hydrogenation mechanism

524 The basic reaction steps for PHR needs to be consistent HER. Based on the experimental data 

525 which showed the solution color reversibly changed, PHR is expected to be initiated with the 

526 water oxidation to form oxygen vacancy which further reduces water to form H+ ions. As the H+ 

527 ions are available on catalyst surface, there are two possibilities for it, either to form hydrogen 

528 gas or to undergo hydrogenation reaction. For Dy-Zn(O,S), the photocatalytic reactions are 

529 proposed and presented with the Kröger–Vink notation31 for defects. As Dy-Zn(O,S) catalyst is 

530 illuminated with UV light, electron and hole are generated on conduction and valence bands, 

531 respectively, as shown in Eq. (1). The generated hole will oxidize water with the assistance of 

532 active surface oxygen to form hydroxide and positively-charged oxygen vacancy, as indicated in 

533 Eq (2).1, 7, 11-13, 31

534 (Zn,Dy)(O,S)         h+    +    e- (1)Photon

535 H2O + Osurf 2- + 2h+                                       2OH- + VO
2+ (2)

536 The formation of active surface oxygen is evaluated for the next paragraphs. Dy-doped Zn(O,S) 

537 can have the defect equation expressed below: 

538 Dy2O3   2DyZn
+ +VZn

2- + 3OO
0+   (3)

539 However, Dy-Zn(O,S) had lower electrical resistance than the Dy-free Zn(O,S), as shown in Fig. 

540 5. To support the evidence in electrical resistance, the defect equation in Zn(O,S) for oxygen 

541 vacancy together with electrons is listed in Eq. (4) below.

542 OO
0+   1/2 O2 +VO

2+ + 2e-  (4)

3ZnO

ZnO
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543 Together with the intrinsic Schottky defect equation of Eq. (5): null   VZn
2- + VO

2+, the Dy-

544 Zn(O,S) has the overall defect reaction in Eq. (6) below:  

545 Dy2O3   2DyZn
+ + 1/2 O2

 + 2OO
0+ +2e-  (6)

546 The Dy-on-Zn defect is a donor one to increase electron concentration and low electrical 

547 resistance, as shown in Fig. 5. Therefore, the Dy doping is to lower electrical resistance with the 

548 electron contribution in Eq. (6). Based upon the equilibrium constant of Eq. (4), the higher e- 

549 concentration leads to the lower [VO
2+]. For the Dy-free Zn(O,S), on the other hand, the defect 

550 equation (7): 1/2 O2
 + 2e- = VZn

2- + OO
0+, is achieved by subtracting Eq. (4) from Eq. (5). This 

551 mechanism involves the electron elimination to lead Zn(O,S) with high electrical resistance, as 

552 supported with Fig. 5. Based upon the equilibrium constant of Eq. (7), the lower e- concentration 

553 for Dy-free Zn(O,S) leads to the lower [VZn
2-] or higher [VO

2+]. With the interaction between 

554 point defect and surface/interface, Eq. (8) and Eq. (9) below have to be kept.

555 ZnZn
0+   VZn

2- +  Znsurf
2+  (8)

556 OO
0+  VO

2+ +  Osurf
2-  (9)

557 As observed in Table S2 in supplementary data, the Dy-free Zn(O,S) has a higher VO
2+ content, 

558 but [VO
2+] is lower with the addition of Dy. That is [VO

2+]Dy-free > [VO
2+]Dy, so [Osurf

2-]Dy-free < 

559 [Osurf
2-]Dy based upon Eq. (9) can be obtained. The meaning for [Osurf

2-]Dy-free < [Osurf
2-]Dy is that 

560 Dy-Zn(O,S) has more negatively charged surface oxygen ions than Dy-free Zn(O,S). The more 

561 negatively charged catalyst is expected to have stronger interaction with other chemicals through 

562 Eq. (2). The interaction between defect and interface becomes severe, when the particle size 

563 becomes small with a small radius of curvature. Therefore, more active surface oxygen ions 

564 occur on Dy-Zn(O,S), as compared with Dy-free Zn(O,S).

2ZnO
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565 After the active surface oxygen-involved water oxidation in Eq. (2), the oxygen vacancy 

566 sites then can trap water molecule to form the adsorbed H2O and to weaken its O-H bond. This 

567 interaction between adsorbed water and oxygen vacancy site on catalyst surface finally generates 

568 hydrogen ions, as shown in Eq. (10). Without the 4-NP and AB, the proton in Eq. (10) is used for 

569 the HER mechanism.9 With 4-NP, Na2SO3 has been added to act not only as an electron transfer 

570 mediated agent for forming nitrophenolate ion,32 but also as the hole scavenger to be oxidized by 

571 photo generated hole to SO3
*- radical. The schematic diagram for the kinetic mechanism for PHR 

572 of 4-NP is shown in Fig. S10, where the reaction steps demonstrate the continuous 

573 hydrogenation reactions with the aids of protons and electrons.

574 H2O + VO
+2                 2H+ + OO surf 

0+ (10)

575 To be consistent with our proposed mechanism for HER and the 4-NP conversion, the 

576 initiation of photocatalytic AB-to-aniline conversion must involve Eqs. (1) – (3) for producing 

577 proton, electron, and active surface oxygen. For the AB-to-aniline conversion, the addition of 

578 ethanol is not only important for the dissolution of AB in water but also useful to act as a hole 

579 scavenger to initiate Eq. (11) below for generating important species of oxygen vacancy and 

580 lowering the hole concentration. The oxygen vacancy needs to interact with H2O for protons and 

581 with AB for the pinning of its N in the N=N bond. Although Dy-Zn(O,S) is expected to have 

582 more active surface oxygen ions due to [Osurf
2-]Dy-free < [Osurf

2-]Dy, too much Dy-doping content to 

583 form too much oxygen vacancy is not beneficial because of the lattice relaxation to weaken the 

584 the interaction with H2O or azobenzene. An optimal Dy content in Zn(O,S) is required to achieve 

585 the best reaction condition. The schematic diagram for the kinetic mechanism for the PHR of 

586 azobenzene is shown in Fig. 10. The pinned c-AB goes through continuous PHR with the 

587 available protons and electrons to form aniline.
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588 C2H5OH + Osurf 2- + 4h+                         CH3CHO + H2O + VO
+2 (11)

589 The strong adsorption of azobenzene on Dy-Zn(O,S) is the crucial step for fast PHR. 

590 According to the experimental data in Fig. S11, about 50% of 15 ppm azobenzene can be 

591 adsorbed on catalyst during stirring process without light illumination. This adsorption can be 

592 attributed to the columbic interaction of the negatively charge Dy-Zn(O,S) with the electron-

593 deficient N=N bonds of AB, while keeping the electron-rich benzyl groups away from catalyst. It 

594 is assumed that AB is attracted toward catalyst, followed by the AB pinning at the oxygen 

595 vacancy. The chemicals to be reduced not only need to have water solubility but also the 

596 adsorptive behavior on catalyst to have intimate contacts and prolonged surface retention time 

597 for surface reactions to occur. Here, a 48% conversion of 15 ppm azobenzene to aniline in 15 

598 min or a 100% conversion of 60 ppm AB to aniline in 6 h had been carried out, as shown in Fig. 

599 9. 

600 As visible-light-driven photocatalyst has been widely promoted for its efficient utilization 

601 under solar light, our UV-light-driven one operated under the much lower light power density of 

602 1/40 sun light remains promising.1 In our system, there is no need of water cooling for our 

603 chemical conversion system to avoid the vaporization of chemicals and solvents. We did not use 

604 Pt and Au noble metals, which have to be applied on TiO2 in order to generate a sufficient 

605 amount of H2 for hydrogenation reactions. The reversible and activated surface oxygen/oxygen 

606 vacancy exchange kinetic mechanism supports our fast HER. We prepared the catalyst below 

607 100 oC without using surfactants to achieve catalyst with the active surface oxygen for initiating 

608 PHR under light illumination.
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609 The progress from photocatalytic HER to green chemical conversion needs to be considered 

610 together. The condition for a photocatalyst to achieve a better green chemical conversion on 

611 photocatalytic reduction of azobenzene to aniline needs to have a better HER production rate for 

612 the purpose of generating protons. From the basic kinetics of HER, the best photocatalyst with 

613 the fastest H2 formation from the H adatoms might not be the best choice for chemical 

614 conversion due to the fast consumption of protons, but catalyst without sufficient H2 amount 

615 cannot do the chemical conversion. A suitable retention time for both of the chemicals and the 

616 adsorbed H+ ions or H adatoms on catalyst surface to involve the surface chemical reaction is 

617 necessary. With the partial coverage of catalyst by chemicals for PHR, the un-covered catalyst 

618 surface always has to undergo HER. Therefore, the slower HER rate of 5.16 mmol/g·h for Dy-

619 free Zn(O,S) in Fig. 7, as compared to 8.16 mmol/g·h for Dy-Zn(O,S)-10 one, leads to a much 

620 slower chemical conversion of 4-NP (Fig. 8b) and an incomplete conversion of AB (Fig. S8). 

621 Our data suggest that catalyst with a higher HER rate implies a catalyst with high PHR activity. 

622 PHR is not recommended for using photocatalyst with a HER rate less than 5 mmol/g·h. As HER 

623 rate is related to the catalysts, solvent, co-solvent, hole scavenger, light source etc,6, 7 the solvent 

624 solubility for AB here, the interaction between AB and catalyst, the interaction of reaction 

625 products with catalyst, etc. can change the HER kinetics for protons. Any inconsistent reaction 

626 condition for PHR with the proven HER can greatly diminish the availability of the surface 

627 protons and the H adatoms. Here, ethanol in our aqueous system is not only the best-chosen hole 

628 scavenger to reach the highest HER rate but also the good solvent for AB. Therefore, the 

629 chemical conversions here are stick to the ethanol/water solvent system used for our best HER. 

630 With the further help of AB adsorption of ~50% on catalyst, the PHR with N=N bond cleavage 

631 for aniline can be achieved.
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633

634 Fig. 10. Schematic mechanism of azobenzene hydrogenation in the presence of Dy-Zn(O,S)-10 

635 nanoparticle under low intensity of UV light illumination.

636

637 The mechanism in hydrogenation azobenzene (AB) is critical. As the oxygen vacancy sites 

638 were formed during the photocatalytic reaction, the positively oxygen vacancy sites would trap 

639 negatively double-bond nitrogen. The further steps of hydrogenation of double-bond nitrogen 

640 would subsequently occur on catalyst surface, since the immobilized AB which was stuck on 

641 catalyst surface was an advantage for complete hydrogenation of AB to aniline, instead of 

642 hydrazobenzene as intermediate. The overall reaction illustration was provided in Fig. 10.  

643  

644 Conclusions
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645 Dy-doped Zn(O,S) photocatalysts had been prepared with different amounts of Dy precursors to 

646 obtain the Dy-Zn(O,S)-10 with the lowest charge transfer resistance of 6.56 k, the strongest 

647 photoresponse of 192 pA, and the highest hydrogen production rate of 8.16 mmol/g·h. The 

648 proton and electron used for photocatalytic hydrogen evolution was attempted for photocatalytic 

649 hydrogenation reactions of nitrophenol to aminophenol and azobenzene to aniline. We were 

650 successful with the 100% conversion of 30 ppm NP to AP in 45 min with Na2SO3 as hole 

651 scavenger under low power UV illumination. We also succeeded in reducing 100% azobenzene 

652 of 60 ppm to aniline in 6 h with 10% ethanol as hole scavenger. This work proves the 

653 requirement of using good hydrogen-evolved photocatalyst for fast hydrogenation reactions. The 

654 proposed kinetic mechanism involves the active surface oxygen on Dy-Zn(O,S), based upon the 

655 phenomenon of reversible color change and supported with the kinetic point defect model. N=N 

656 bond cleavage for fully converting azobenzene to aniline involves the steps of solvation, 

657 adsorption, pinning, and surface hydrogenation reaction in sequence. At this stage, the 100% 

658 conversion of azobenzene to aniline in 6 h with the N=N bond cleavage at mild condition gives a 

659 promising example for green chemistry.

660
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