


2019
Vol. 40 No. 1

20194
%404 F1H

In This Issue

Cover: Xi’s group controls the synthesis of the silk-like FeS,/NiS,
hybrid nanocrystal. The material has rich interfaces and defects, which
is beneficial to enhance its catalytic performance. The picture shows the
flexible battery assembled by this catalyst and their promising
application. Read more about the article behind the cover on pages

4

L 2BR JER JER 2R 2R 2

43-51.

B FE TR ES S R T LR K S M (FeS/NISy). Z A #
AAFEWREARE, AATRALEMNER. LAHE 43-51 7.

About the Journal

Chinese Journal of Catalysis is an international journal published monthly by Chinese Chemical Society, Dalian Institute of Chemical
Physics, Chinese Academy of Sciences, and Elsevier. The journal publishes original, rigorous, and scholarly contributions in the fields of
heterogeneous and homogeneous catalysis in English or in both English and Chinese. The scope of the journal includes:

New trends in catalysis for applications in energy production, environmental protection, and production of new materials, petroleum

chemicals, and fine chemicals;

Scientific foundation for the preparation and activation of catalysts of commercial interest or their representative models;
Spectroscopic methods for structural characterization, especially methods for in situ characterization;
New theoretical methods of potential practical interest and impact in the science and applications of catalysis and catalytic reaction;

Relationship between homogeneous and heterogeneous catalysis;
Theoretical studies on the structure and reactivity of catalysts.

The journal also accepts contributions dealing with photo-catalysis, bio-catalysis, and surface science and chemical kinetics issues

related to catalysis.

Types of Contributions

Reviews deal with topics of current interest in the areas covered by this journal.
Reviews are surveys, with entire, systematic, and important information, of recent
progress in important topics of catalysis. Rather than an assemblage of detailed
information or a complete literature survey, a critically selected treatment of the
material is desired. Unsolved problems and possible developments should also be
discussed. Authors should have published articles in the field. Reviews should have
more than 80 references.

Communications rapidly report studies with significant innovation and major academic
value. They are limited to four Journal pages. After publication, their full-text papers
can also be submitted to this or other journals.

Articles are original full-text reports on innovative, systematic and completed research
on catalysis.

Highlights describe and comment on very important new results in the original
research of a third person with a view to highlight their significance. The results should
be presented clearly and concisely without the comprehensive details required for an
original article.

Perspectives are short reviews of recent developments in an established or developing
topical field. The authors should offer a critical assessment of the trend of the field,
rather than a summary of literatures.

Viewpoints describe the results of original research in general in some area, with a view
to highlighting the progress, analyzing the major problems, and commenting the
possible research target and direction in the future.

Impact Factor

2017 SCI Impact Factor: 3.525
2017 SCI 5-Year Impact Factor: 2.736

Abstracting and Indexing

Abstract Journals (VINITI)

Cambridge Scientific Abstracts (CIG)

Catalysts & Catalysed Reactions (RSC)

Current Contents/Engineering, Computing
and Technology
(Clarivate Analytics ISI)

Chemical Abstract Service/SciFinder
(CAS)

Chemistry Citation Index
(Clarivate Analytics ISI)

Japan Information Center of Science and
Technology

Journal Citation Reports/Science Edition
(Clarivate Analytics ISI)

Science Citation Index Expanded
(Clarivate Analytics ISI)

SCOPUS (Elsevier)

Web of Science (Clarivate Analytics ISI)



Publication Monthly (12 issues)
Started in March 1980
Transaction of The Catalysis Society of China
Superintended by
Chinese Academy of Sciences (CAS)
Sponsored by
Chinese Chemical Society and Dalian
Institute of Chemical Physics, CAS
Editors-in-Chief Can Li, Tao Zhang
Edited by Editorial Board of
Chinese Journal of Catalysis
Tel.: +86-411-84379240
E-mail: cjcatal@dicp.ac.cn
Add.: Dalian Institute of Chemical
Physics, CAS, 457 Zhongshan Road,
Dalian 116023, Liaoning, China
Published by Science Press
Distributed by Science Press,
16 Donghuangchenggen North Street, Beijing
100717, China, Tel: +86-10-64017032
E-mail: sales_journal@mail.sciencep.com
Subscription Agents
Domestic  All Local Post Offices in China
Foreign China International Book Trading
Corporation, P.O.Box 399, Beijing 100044,
China
Printed by
Dalian Haida Printing Company, Limited
Price $60

FFl SCl 1980 4 3 A 4l F|
FEMAFSEAFERT

FE FERFR

Fh FEMFL

F B A e R E AR AT
= W Kk &
(BUEFR) REZE RS

-
YrtE
AR
YriERREA R AT
Mtk K FE O R L 457 5
F E R F A& R R AT

iR 4: 116023
F1E: (0411)84379240
t£H: (0411)84379543
B8 F{=#4: cjcatal@dicp.ac.cn
ENgG—ESHARS  CN 21-1601/06
EFRFRAEES RS ISSN 0253-9837
CODEN THHPD3
I HEEIFRNLES 2013003
BEIT

AR EHRAA 165, ik 100717

H,i%: (010) 64017032

E-mail: sales_journal@mail.sciencep.com
ERITE 4 F &M BE
&S 8-93
BT o 5 E R E R 5 8N

L7 39917545 4w 100044

B &ITRES  M417
ENRI A& KB RIA IR A F
Eff 60T

2019
\Vol. 40 No. 1

The Fifth Editorial Board of Chinese Journal of Catalysis

(ERFIR) BhE%RE

Advisors (J5iJa])

Alexis T. Bell (% [#)
Jirgen Caro (& [&)
Gabriele Centi (Z A #)
Michel Che (3= &)

Yi Chen (FR#

Avelino Corma (7 3% 7)

Zi Gao (&%)
Editors-in-Chief (F4%)
Can Li(Z )

Associate Editors (B F£4%)

Xingwei Li (2= 24 4)
Haichao Liu (%1 ¥ #)
Members (ZRZ)
Xinhe Bao (1. 1z #)
Yong Cao (¥ &)

De Chen (FR 72, #F &)

Masatake Haruta ( F 74)
Mingyuan He ("% 71)
Graham J. Hutchings (3£ [E)
Johannes A. Lercher (4 &)
S. Ted. Oyama ( F &)
Daniel E. Resasco (% &)
Rutger A. van Santen (7 %)

Tao Zhang (5k i%)

Roel Prins (5 +)
Junwang Tang (£ F HE, 3% )

Yongdan Li (Z 7 )
Changjun Liu (x| & 1)
Jingyue Liu (x| & A, % &)

Jingguang G. Chen (4, % El) Zhongmin Liu (x| # &)

Weiping Ding (T % F)
Yunjie Ding (T =)
Xianzhi Fu (f % %)
Naijia Guan (% J7 %)
Xinwen Guo (3 # )
Hongxian Han (& it %)
Heyong He (% %5 %)
Hong He (%7 #k)

Emiel J. M. Hensen (%7 £)
Jiahui Huang (% % #£)
George W. Huber (% &)
Huanwang Jing (& % EE)
Alexander Katz (% [E)
Jinlin Li (4 #)
JunLi (= %)

Junhua Li (21 %)
Weixue Li (Z=#% %)
Yingwei Li (2 8t 45)

Young Members (FEHE)

Bingyang Bai (# 7k )
Shaowen Cao (¥ /> X)
Weili Dai (2 T )
Jiguang Deng (XF # 5t)
Yong Ding (T &)

Fan Dong (& )
Pingwu Du (#F 2
Fengtao Fan (3% 14 35)
Yanlong Gu (il Z #)
Yangiang Huang (# £ 5%)
Changzhi Li (Z & &
Fei Li (Z %)

Online Submission  https://mc03.manuscriptcentral.com/cjcatal,

An-Hui Lu (i 2 %)

Marcel Schlaf (7 2 k)
Susannah L. Scott (% &)
Jianyi Shen (7t —)

Wenjie Shen (% T 74)
Chunshan Song (& & 1L, = &)
Baolian Su (7 = %, A &)
Dangsheng Su (7 % &)
Zhiyong Tang (F % &)
Zhijian Tian (H & &

Ying Wan (7 #1)

Aigin Wang (£ & %)
Dezheng Wang (F 1Z %)
Feng Wang (E %)

Jianguo Wang (E 2 &)

Ye Wang (£ ¥7)

Yong Wang (£ &, % [#)
Yingxu Wei (%t 1 fi2))

Rengui Li (Z 1= %)
Xiang Li (2= #1)

Xin Li (£ £)
Zhenxing Liang (£ & >4
Gang Liu (% 4R)

Gang Liu (x| #)
Mingce Long (# B4 %)
Kangle Lv (& & &)
Botao Qiao (7~ # %)
Yong Qin (¥ &)

Feng Shi (f %)

Wei Sun (M)

B2 A
==

Ferdi Schiith (42 [#)
Huilin Wan (% & &
Youchang Xie (#t# #)
Qin Xin (£ %)

Xiaoming Zheng (7N BH)

Peng Wu (= i)
Qihua Yang (# /& 4£)

Zidong Wei (31 T #)
Ziliwu (% B 77, %)
Chungu Xia (B & 4)
Fengshou Xiao (& * )
Jianliang Xiao (H Z B, % [5])
Zaiku Xie (#f 7 )

Boging Xu (% # %)

Jie Xu (# 7)

Longya Xu (# #17)
Yushan Yan (/* £ 1L, = H)
Weimin Yang (# # K)
Weishen Yang (# % 1)
Shuangfeng Yin (F % )
Jiaguo Yu (£ XK E)

Youzhu Yuan (% & #%)
Zongchao Zhang (% & #2)
Huijun Zhao (R Z, A F|TL)
Zhen Zhao (® &)
Xiao-Dong Zhou (&8 %, % [E)
Yonggui Zhou (/& 7 %)

Guoxiong Wang (7F & 1)
Xiuli Wang (£ % )
Yujie Xiong (f& = 7%)

Fan Yang (# )
Hengquan Yang (17 2 1)
Changlin Yu (% & #)
Huogen Yu (& Xk 1R)
Yunbo Yu (432 %)
Wangcheng Zhan (/& 2 i)
Jing Zhang (3 #%)
Wenzhen Zhang (3 2 %)
Liangshu Zhong (%¥ B 4%)

http://www.elsevier.com/locate/chnjc

Homepage http://www.cjcatal.org, http://www.journals.elsevier.com/chinese-journal-of-catalysis



Chinese Journal of Catalysis Vol. 40, No. 1, January 2019 AR 20195F $40% %18 | www.cjcatal.org

available at www.sciencedirect.com

—yi

“e.¢ ScienceDirect

journal homepage: www.elsevier.com/locate/chnjc

Chinese Journal of Catalysis

Graphical Contents

Academic discussion
Chin. J. Catal, 2019, 40: 1-3 doi: 10.1016/5S1872-2067(18)63188-2

Comment On the correction of gas-phase signals during IR operando analyses

Frederic Meunier *
Institut de Recherches sur la Catalyse et 'Environnement, France

e or surface species?

The accuracy of dual beam Fourier transform infrared (DB-FTIR) spectrometer in eliminating the interference of gas-phase molecular vibra-
tion in gas/solid heterogeneous catalysis under reaction conditions is discussed.

Reviews
Chin. J. Catal, 2019, 40: 4-22 doi: 10.1016/S1872-2067(18)63177-8

Recent advances in one-dimensional nanostructures for energy
electrocatalysis

Ping Li, Wei Chen *
Changchun Institution of Applied Chemistry, Chinese Academic of
Science; University of Science and Technology of China

This overview summarizes the recent advances in one-dimensional
metal nanostructures for energy electrocatalysis, including the main
reactions in direct methanol fuel cells and water splitting.




iv Graphical Contents / Chinese Journal of Catalysis Vol. 40, No. 1, 2019

Chin. J. Catal, 2019, 40: 23-37  doi: 10.1016/S1872-2067(18)63161-4

Transition metal-nitrogen sites for electrochemical carbon
dioxide reduction reaction

Chengcheng Yan, Long Lin, Guoxiong Wang *, Xinhe Bao *
Dalian Institute of Chemical Physics, Chinese Academy of Sciences;
University of Chinese Academy of Sciences

Metal-nitrogen sites constituted of earth abundant elements with
maximum atom-utilization efficiency have emerged as promising
catalysts for electrochemical CO2 reduction reaction.

Communication

Chin.]. Catal, 2019, 40: 38-42  doi: 10.1016/51872-2067(18)63190-0

A hydrated amorphous iron oxide nanoparticle as active
water oxidation catalyst 4004 -
Zheng Chen, Qinge Huang, Baokun Huang, Fuxiang Zhang *, )
CanLi* 7 3001
Dalian Institute of Chemical Physics, Chinese Academy of Sciences é

3 2004

N
o 100+
04

10 20 30 40 50 60
Time (s)

A hydrated amorphous iron oxide nanoparticle exhibits high water 5. FeO + 2.
oxidation activity with TOF of 9.3 s1 in the photocatalytic 25,087 +2H,0————=——0, T +4H +4304

Ru(bpy)s2*-NazS20s. Rulbey),”, v
Articles

Chin. J. Catal, 2019, 40: 43-51  doi: 10.1016/S1872-2067(18)63175-4

Synthesis of silk-like FeSz/NiS: hybrid nanocrystals with improved reversible oxygen catalytic performance in a Zn-air battery

Jing Jin, Jie Yin, Pinxian Xi*
Lanzhou University

Herein, an efficient liquid exfoliation strategy was designed for producing silk-like FeS2/NiSz hybrid nanocrystals with enhanced reversible
oxygen catalytic performance that displayed excellent properties for Zn-air batteries.
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Co-doping of Ce** and Zr*+ enhances the denitration performance and K-poisoning resistance of V20s-WO03/TiO2 catalyst because more K
atoms can be combined with Ce#+ to yield the better protection of active vanadium species.
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Au/Cu0/Cuz0 catalysts were synthesized by sequential surface oxidative and reductive deposition on Cuz0 surfaces improving both the
photocatalytic activity and stability of Cu20.

Chin.J. Catal, 2019, 40: 114-123  doi: 10.1016/S1872-2067(18)63192-4
A highly stable and active mesoporous ruthenium catalyst for ammonia synthesis prepared by a RuCls/SiOz-templated approach
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Zhejiang University of Technology; Sichuan Huadi Construction Engineering Co., Ltd.

Semi-embedded Ru-MC has stable Ru NPs and strong interaction between Ru and C that promote the catalytic performance for ammonia
synthesis.
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Eco-friendly synthesis of high silica zeolite Y with choline as green
and innocent structure-directing agent
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Zeolite synthesis in contemporary chemical industries is predominantly conducted using organic
structure-directing agents (OSDAs), which are chronically hazardous to humans and the environ-
ment. It is a growing trend to develop an eco-friendly and nuisanceless OSDA for zeolite synthesis.
Herein, choline is employed as a non-toxic and green OSDA to synthesize high silica Y zeolite with

Si02/Al203 ratios of 6.5-6.8. The prepared Y zeolite samples exhibited outstanding (hydro)thermal

Keywords:

Zeolite synthesis

FAU zeolite

High silica

Green organic structure-directing agent
(Hydro)thermal stability

the crystal morphology.
© 2019, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

stability at ultrahigh temperature owing to the higher SiOz/Al203 ratio. The XRF, SEM, 2°Si-NMR and
13Na+ results suggested that choline plays a structure-directing role in the synthesis of Y zeolite,
while the feed molar fraction of Na* is a crucial determinant for the framework Si0z/Al20s3 ratio and

Published by Elsevier B.V. All rights reserved.

1. Introduction

Zeolites have been extensively used as catalysts, adsorbents
and ion-exchangers owing to their well-defined microporous
structures, adjustable acidities and a large variety of available
frameworks and chemical compositions [1-5]. Among the ap-
proximate reported 230 zeolite framework types, the vast ma-
jority of zeolites are synthesized in the presence of organic
structure-directing agents (OSDAs), and more novel topologies
are synthesized by the application of new OSDAs [6-8]. On the
other hand, most common organic templates are quaternary
ammonium or amines, which are usually unavailable or toxic or
environmentally hazardous. Therefore, it is desirable to devel-
op eco-friendly synthesis routes with the use of non-toxic and
green OSDAs [9-11]. For example, polyquaternium-6, a typical

tThese authors contributed equally to this work.

component of shampoo, was successfully used as a template to
synthesize EMT-rich faujasite, which offers the possibility of
industrial applications of EMT zeolites [12]. However, it has
been demonstrated that among a huge amount of organics, only
a small minority of organics have the ability as struc-
ture-directing agents for zeolite synthesis. It is more difficult to
find a non-toxic and eco-friendly OSDA with “fitting” size and
shape for the targeted zeolite topology.

Herein we focus on the synthesis of Y zeolite with a
12-membered window size of 7.4 A and a supercage cavity size
of 12 A, which has been vastly used as the main active compo-
nent of fluidized catalytic cracking (FCC) catalysts so far
[13-18]. It has been demonstrated that increasing the frame-
work SiO2/Al203 ratio of Y zeolite is helpful to enhance its acid
strength, (hydro)thermal stability and catalytic activity [19,20].

* Corresponding author. Tel: +86-411-84379518; Fax: +86-411-84379038; E-mail: xuyp@dicp.ac.cn
# Corresponding author. Tel: +86-411-84379998; Fax: +86-411-84379038; E-mail: liuzm@dicp.ac.cn
DOI: 10.1016/S1872-2067(18)63167-5 | http://www.sciencedirect.com/science/journal/18722067 | Chin. ]. Catal, Vol. 40, No. 1, January 2019
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Whereas there has been a restricted upper limit for the
Si02/Al203 ratio of Y zeolite prepared by traditional OSDA-free
synthesis routes [21]. Nowadays, the most widely employed
zeolite Y in industry is ultra-stable zeolite Y (or USY, Si02/Alz203
ratio > 5) prepared by post-treatments to remove framework
aluminium [22]. The post-synthesis treatments include hydro-
thermal dealumination and treatment with chemicals, which
cause environmental pollution and high energy consumption,
and compromise the structural integrity of zeolite, owing to
reduplicative calcination and chemical treatments [23-26]
Compared with these post-treatments, one-step direct synthe-
sis methods in the presence of OSDAs are beneficial for the
synthesis of high silica Y zeolite with higher crystallinity and
avoid lots of complicated physicochemical treatments.

Delprato et al. [27] firstly developed a one-step direct syn-
thesis method for zeolite Y with SiO2/Al203 ratio of around 9 by
employing crown ether (15-crown-5) as an OSDA in 1990. In-
spired by crown ether, polyethylene oxides and
tris(3,6-dioxaheptyl)amine, which are acyclic molecules con-
taining ~-OCH2CHz- groups similar to crown ether, were suc-
cessfully used to synthesize zeolite Y (SiO2/Al203 ratio = 6-7)
[28]. In 2015, Xiao et al. [29] studied quaternary ammonium
salts and synthesized high silica zeolite Y in the presence of
N-methylpyridinium iodide. Our group used ethyl(or bu-
tyl)-3-methylimidazolium bromide and tetraethylammonium
hydroxide as OSDAs for the synthesis of high silica zeolite Y
[30,31]. Nevertheless, the above OSDAs, especially crown ether,
are expensive, toxic and environmentally unfriendly, which are
unavailable for wide use in petrochemical processes. The de-
velopment of an eco-friendly and “fitting” OSDA is difficult yet
imperative to fill the gap in the synthesis of Y zeolite with the
use of OSDAs.

Herein we focus on choline, a nontoxic, green and low-cost
OSDA. Choline is a water-soluble vitamin-like essential nutrient
to quaternary ammonium salt containing
N,N,N-trimethylethanolammonium cation. Choline was first
isolated by Adolph Strecker from animal bile [32]. Nowadays,
choline is industrially produced at a few thousand tons per year
by 100% atom economy process [33]. Choline has been em-
ployed as a structure-directing agent to synthesize zeolites
such as ZSM-4, SSZ-13 and SAPO-5 [34-36]. In the present
work, the synthetic methodology is rationally designed to use
choline as an eco-friendly and nontoxic OSDA in the synthesis
of high silica zeolite Y for the first time. The sample ChCI-Y is
synthesized with choline chloride and ChOH-Y is prepared with
choline hydroxide. They both show good crystallinity and high
framework SiO2/Al203 ratio. By contrast, different properties of
ChCl-Y and ChOH-Y reveal to us the separate roles and rela-
tionship of Na+ and OSDA* in the synthesis of high silica Y zeo-
lite. Both the products ChCl-Y and ChOH-Y show more out-
standing high temperature thermal and hydrothermal stability,
compared with conventional zeolite Y. Given the huge amount
of zeolite Y used worldwide as adsorbents and FCC catalysts,
the ability to enhance the SiO2/Al203 ratio via the use of choline
as an eco-friendly and economically viable OSDA would have a
significant impact on the (petro)chemical industry and would
be a great progress.

that refers

2. Experimental
2.1. ChCI-Y Preparation

Firstly, 3.41 g choline chloride ([choline]Cl, Aladdin Chemi-
cal), 2.00 g sodium metaaluminate (NaAlOz, Sinopharm Chemi-
cal) and 1.95 g sodium hydroxide (NaOH, Sinopharm Chemical)
were dissolved in 26.65 g deionized water and stirred until a
clear solution. Next, 24.60 g of silica sol (SiO2 29.8% ag. solu-
tion, Qingdao Ocean Chemical) was added in the above clear
solution with strong agitation. The final gel was prepared with
molar composition of 1.0NaAlO: 5.0Si02 2.0NaOH
1.0[choline]Cl : 100H20. The mixture was stirred for 12 h at
ambient temperature and maintained in ovens at 110 °C for 10
d. Calcined sample ChCl-Y was obtained after calcination at 550
°Cfor 4 h.

2.2. ChOH-Y Preparation

Firstly, 6.60 g choline hydroxide ([choline]OH, 45% ag. solu-
tion, Acros Organics), 2.00 g NaAlOz and 0.98 g NaOH were
dissolved in 23.00 g deionized water with stirring to form a
clear solution. Next, 24.60 g silica sol was mixed with the above
solution with strong agitation for 12 h at ambient temperature.
ChOH-Y was synthesized in stainless steel autoclaves at the
crystallization temperature of 110 °C for 12 d, with molar
composition of 1.0NaAlOz : 5.0Si02 : 1.0NaOH : 1.0[choline]OH :
100Hz0. Calcined sample ChOH-Y was obtained after calcina-
tion at 550 °C for 4 h.

To investigate the role of choline in the synthesis of zeolite
Y, the sample Na-Y was designed as a reference sample with a
composition of 1.0NaAlOz : 5.0Si02 : 2.2NaOH : 100H20. Na-Y
sample was synthesized at 100 °C with a reaction time of 14 d.

2.3.  Characterization of Zeolites

The X-ray diffraction (XRD) patterns were acquired using a
PANalytical X'Pert PRO X-ray diffractometer using Cu-K, radia-
tion with A = 1.54059 A, operating at 40 kV and 40 mA. The
samples were scanned at 12°/min between 26 angles of 5°-65°.
Scanning electron microscopy (SEM) images were collected
with a Hitachi SU8020 scanning electron microscopy. N2 ad-
sorption-desorption isotherms of the samples were measured
at -196 °C on a Micromeritics ASAP 2020 system. The solid
state 29Si-NMR and 27Al-NMR experiments were conducted on a
Bruker Avancelll spectrometer equipped with a 14.1 T
wide-bore magnet. TG-DSC measurement was conducted on a
TA Q-600 analyzer with a heating rate of 10 °C/min from am-
bient temperature to 1100 °C in an air flow of 100 mL/min. The
organic elemental composition of samples was measured by
elemental analysis on an Elementar vario EL cube elemental
analyzer. The chemical composition of the samples was calcu-
lated with a Philips Magix-601 X-ray fluorescence (XRF) spec-
trometer. Inductively coupled plasma optical emission spec-
trometry (ICP-OES) analysis was conducted with a PerkinElmer
7300DV.
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3. Results and discussion

3.1. Results of ChCl-Y and ChOH-Y prepared with variational
OH- concentrations

The XRD patterns of the as-synthesized products ChCl-Y and
ChOH-Y are respectively shown in Fig. 1A and Fig. 1B. The
X-ray diffraction peaks with a high intensity are in agreement
with the typical topological features of theoretical FAU frame-
work. It indicates that Y zeolites with good crystallinity are
synthesized by employing [choline]Cl or [choline]OH as an
OSDA. The crystal morphologies of ChCl-Y and ChOH-Y are en-
tirely different in SEM micrographs (Figs. 1C, 1D and S1).
ChOH-Y exhibits uniform cubic octahedral crystals, and ChCl-Y
shows spherical agglomerates with superficial triangle cone. It
is reported that the crystal morphologies are affected by some
experimental factors, for examples, the species of struc-
ture-directing agents and the special silica source or aluminium
source [37-39]. The relationship between the dramatically
different morphologies and the crystallization curves of
ChOH-Y and ChCl-Y has aroused our attention. The crystalliza-
tion curves of ChCl-Y and ChOH-Y samples are presented in Fig.
1E and 1F wherein the relative crystallinity changes with vari-
ous reaction time. The relative crystallinity is estimated by the
reflection intensities of the X-ray diffraction peaks (1 1 1), (2 2
0) and (3 3 1) of the samples. Both the crystallization curves of
ChCl-Y and ChOH-Y exhibit typical S-shaped curves, which in-
dicate that the crystallization process of Y zeolite is comprised
of induction period, continuous growth period and stable
crystallization period. The induction period of ChOH-Y is 6 d,
which is longer than that (4 d) of ChCl-Y. The crystallization of
zeolite Y from ChOH-Y is completed within 12 d, which is also
longer than that (9 d) of ChCI-Y. It is concluded that ChCI-Y has
a faster generation rate and faster growth rate compared with
ChOH-Y.

As the synthesis process and the composition of ChCl-Y and

ChOH-Y are shown above, ChCl-Y and ChOH-Y are designed
with the same feed molar ratio of [choline]* and OH-. However,
the sample ChCl-Y is synthesized with Na*/SiO2 feed ratio of
0.6, which is higher than that of ChOH-Y (0.4) in the starting
gels. Therefore it means that the change of Na+ feed molar ratio
has a major influence on zeolite morphologies and crystalliza-
tion process. Na* is proposed to coordinate water molecular
with subsequent displacement by silicate and aluminate spe-
cies to form aluminosilicate microorganization, or further nu-
cleation centers in the synthesis of zeolites. Therefore, higher
Na* molar ratio of the starting gels contributes to shortening
the crystallization time and improving the nucleation rate
which trends to the agglomerates of small cubic octahedral
crystal.

The N2 adsorption-desorption isotherms of calcined and
as-synthesized samples are respectively shown in Fig. 2A and
Fig. 2B. Calcined samples ChCl-Y and ChOH-Y exhibit a typical
type-I adsorption-desorption isotherm, indicating that they are
mainly consisted of very uniform micropores. The BET specific
surface area, t-plot micropore area and pore volume of the
samples are listed in Table S1. The BET specific surface area of
the calcined samples ChCl-Y and ChOH-Y are 735.2 and 730.7
m2/g, respectively, which are slightly larger than that (694.1
m2/g) of Na-Y. The t-plot micropore area of ChCl-Y and ChOH-Y
are 679.0 and 675.9 m2/g, which indicates the presence of
abundant micropores in the synthetic samples ChCl-Y and
ChOH-Y. The large BET specific surface area and uniform mi-
cropore property demonstrated that the use of choline choride
and choline hydroxide is helpful to the formation of micropore
structure.

As shown in Fig. 2A and Fig. 2B, BET specific surface area of
the as-synthesized samples ChCl-Y and ChOH-Y is much smaller
than that of calcined ChCl-Y and ChOH-Y accordingly. Clearly,
as-synthesized ChCl-Y and ChOH-Y undergo minimal adsorp-
tion, suggesting that the microporous structure is occupied
with an amount of organic template. As-synthesized ChCl-Y and

Fig. 1. XRD patterns of ChCl-Y (A) and ChOH-Y (B), SEM images of ChCl-Y (C) and ChOH-Y (D), and crystallization kinetic curves of ChCl-Y (E) and

ChOH-Y (F).
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Fig. 2. N2 adsorption-desorption isotherms of the as-synthesized and calcined ChCl-Y (A) and ChOH-Y (B), 13C NMR spectra (C) of choline (a) and
ChCI-Y (b), 13C NMR spectra (D) of choline (a) and ChOH-Y (b), and TG/DSC curves of ChCl-Y (E) and ChOH-Y (F).

ChOH-Y samples exhibit a similar 3C-NMR spectrum (Fig. 2C
and Fig. 2D). There is a sharp peak appeared at 56.8 ppm in
both 13C NMR spectra, which is specifically assigned to methyl
groups nearby nitrogen atom in choline molecular. The peak
shift at 68 ppm is attributed to methoxy groups of choline. It is
demonstrated that [choline]+ acts as a structure-directing role
in the synthesis of both ChCl-Y and ChOH-Y. The TG/DSC curves
of as-synthesized ChCl-Y and ChOH-Y are shown in Fig. 2E and
2F. The TG/DSC results also prove that choline participates in
the formulation of FAU framework as structure-directing
agents. The endothermic weight loss at 100-300 °C is attribut-
ed to water desorption from samples. The water adsorption of
ChCl-Y and ChOH-Y is respectively 16.93% and 16.90%. The
weight loss accompanied by raised exothermic peaks at
300-650 °C in ChCl-Y and ChOH-Y is respectively 7.78% and
8.48%, which is attributed to the decomposition of organic
templates. Carbon (C) and nitrogen (N) weight percentage of
ChCl-Y and ChOH-Y is measured by elemental analysis (Table
1). The as-synthesized sample ChCl-Y contains 4.06 wt% car-
bon and 0.84 wt% nitrogen, which are obviously lower than
5.49 wt% carbon and 1.14 wt% nitrogen of ChOH-Y. The C/N
molar ratios of both ChCI-Y and ChOH-Y are 5.6, close to that
(5.0) of [choline]* (chemical formulae of [choline]*

CsH130HN+). It is also a powerful evidence that [choline]+ acts
as a structure-directing agent in the synthesis of high silica Y.
The elemental analysis results of Na-Y are set out in Table 1,

Table 1

suggesting that the organic content of Na-Y is close to zero be-
cause Na-Y is synthesized without any organic template. In
Table 1, the Na20/Alz03 ratios of ChCl-Y and ChOH-Y are re-
spectively 0.83 and 0.74, which are far smaller than that of
Na-Y (0.98) by XRF data. The ICP calculation results exhibit that
the Naz20/Alz03 ratios of ChCl-Y, ChOH-Y and Na-Y are respec-
tively 0.83, 0.72 and 1.01, which are close to the XRF calcula-
tion. It is confirmed that [choline]* acts as a structur-
ing-directing agent partially replacing Na* to occupy FAU su-
percages and compensate the negatively-charged Al framework
sites. It is notable that carbon content of ChCI-Y is less than
that of ChOH-Y and Na+ content of ChCI-Y is higher than that of
ChOH-Y in the contrary.

The 27Al MAS-NMR and 29Si MAS-NMR spectrograms of
ChCl-Y, ChOH-Y and Na-Y samples are presented in Fig. 3. They
show almost the same 27Al MAS-NMR spectrograms with only a
sharp and symmetric peak centered at about 60 ppm, wich is
indentified as tetrahedrally-coordinated framework aluminum,
implying that the samples contain no octahedrally-coordinated
aluminium of extra framework. The 29Si MAS-NMR spectra of
high silica ChCl-Y and ChOH-Y show that the Si(2Al) peak is less
intense but the Si(1Al) and Si(0Al) signals are more intense,
compared to the corresponding signals of low silica Na-Y,
wherein Si(nAl) represents that one Si atom connects to n Al
atoms and (4-n) Si atoms in the second coordination shell by a
bridging oxygen. The results indicate that choline as an OSDA

The SiO2/Al203 ratios and Na;0/Alz20s ratios obtained by XRF, 29Si-NMR and ICP, and OSDA content of the as-synthesized products ChCIl-Y, ChOH-Y,

ChCl/ChOH:0.5/0.5-Y and Na-Y.

Si02/Al203 molar ratio

Naz0/Al203 molar ratio

SDA content by elemental analysis

Sample - -
XRF 295j-NMR ICP XRF ICP C (wt%) N (wt%)  C/Nratio?
ChCl-Y 6.46 6.34 6.48 0.83 0.83 4.06 0.84 5.6
ChOH-Y 6.78 6.54 6.83 0.74 0.72 5.49 1.14 5.6
ChCl/ChOH:0.5/0.5-Y 6.56 6.46 6.67 0.79 0.77 5.11 1.07 5.6
Na-Y 5.56 5.40 5.50 0.98 1.01 0.24 0.07 —

a The molar ratio of carbon to nitrogen calculated by elemental analysis.
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Fig. 3. 27Al MAS-NMR spectrograms of (A) ChCI-Y, (B) ChOH-Y and (C) Na-Y, and 2Si MAS-NMR spectrograms of (D) ChCI-Y, (E) ChOH-Y and (F) Na-Y.

could decrease the number of framework aluminium atoms per
unit cell and increase the framework SiOz/Al203 ratio, which
has been certified the calculation by XRF and ICP methods.

The SiO2/Al203 ratio of the three products ChOH-Y, ChCl-Y
and Na-Y presented in Table 1 are calculated by XRF, 29Si-NMR
and ICP. The XRF data indicate that ChCl-Y and ChOH-Y have
higher SiO2/Alz03 ratios of 6.46 and 6.78, which are much
higher than that (5.56) of Na-Y zeolites with the traditional
synthesis method. It could be explained by the theory that rela-
tively larger organic cations ([choline]*) with a lower charge
density introduce a lower number of positive charges than
small inorganic cations (Na*) within the zeolite cages, thus
matching a lower number of framework Al atoms with negative
charges, and increasing the framework SiO2/Al203 ratio. ChCl-Y
and ChOH-Y have SiO2/Al203 ratios of 6.48 and 6.83 obtained
by ICP analysis, which is in agreement with XRF calculation.
The 29Si NMR spectroscopy is also used as an accurate charac-
terization measuring the framework SiO2/Al203 ratio. The
SiO2/Alz03ratios of the samples are calculated with the signals
of Si(nAl) species (n = 0-3) in Fig. 3. The framework SiO2/Al203
ratios of ChCl-Y and ChOH-Y are respectively 6.34 and 6.54,
whereas the SiO2/Alz203 ratio of Na-Y is only 5.4, far below the
framework SiO2/Al203 ratios of ChCl-Y and ChOH-Y. The 29Si
NMR results are slightly lower than those obtained by XRF and
ICP, which could be explained by the presence of partial Al sites
substituted by terminal OH species in the framework, decreas-
ing the data calculated by the 29Si-NMR spectrum. It is a great
breakthrough that high silica zeolite Y could be synthesized
with choline as a low-cost and eco-friendly organic template.
Even more remarkable, ChOH-Y has a higher SiO2/Al203 ratio
than ChCI-Y.

3.2. Synthesis design and characterization of
ChCl/ChOH:0.5/0.5-Y and other samples

It arouses our interest that not only ChCl-Y and ChOH-Y ex-
hibit entirely different crystal morphologies, but also the choice
of choline chloride and choline hydroxide has a great influence
on the framework SiO2/Al203 ratio. This gives us a brand new
idea how to increase SiOz/Al20sratio of Y zeolite, and impels us
to further investigate the roles and relationship of [choline]+

and Na+ in the synthesis of zeolite Y with OSDAs. As discussed
in the previous part, the physicochemical differences of ChCl-Y
and ChOH-Y are caused by the various feed molar ratio of Na+
in the starting gels. In general, alkali-metal cations (Na*) play
two roles in the synthesis of zeolite, acting as (i) a source of
alkalinity (NaOH is commonly used in Y zeolite synthesis) and
(ii) a limited structure-directing agent [2]. [choline]* has been
confirmed to be a structure-directing agent in the synthesis
process of both ChCl-Y and ChOH-Y, but only choline hydroxide
can be used as the source of alkalinity. Therefore choline
hydroxide could provide sufficient alkalinity in the synthesis of
ChOH-Y, use only half the amount of raw material NaOH during
the synthesis of ChCIl-Y, and sharply decrease the feedstock
amount of Na* (nearly one third). Based on the asNa+sumption
that the differences of ChCl-Y and ChOH-Y are caused by the
variation of Na* feed ratio,b a typical sample
ChCl/ChOH:0.5/0.5-Y is designed with the Na+*/SiO: feed molar
ratio (0.5) between that of ChCI-Y (0.6) and ChOH-Y (0.4). The
synthetic methodology is rationally designed with the same
[choline]* and OH- concentration as ChCl-Y and ChOH-Y by
changing ChOH/NaOH ratio. The corresponding XRD pattern
shows that ChCl/ChOH:0.5/0.5-Y has FAU topological structure
with good crystallization (Fig. 4A). The SEM image (Fig. 4B)
shows uniform irregular polyhedron, which is different with
the morphology of both ChCl-Y and ChOH-Y. Therefore, the
change of Na+* feed molar ratio has a decisive influence on the
crystal morphology. Comparing the SiO2/Al203 ratio,
Naz0/Al203 ratio and OSDA content in Table 1, it is obviously
shown a regular variation of the final products: as the Na*/SiO2
feed molar fraction (0.6, 0.5 and 0.4 corresponding to ChCl-Y,
ChCl/ChOH:0.5/0.5-Y and ChOH-Y) in their starting gels reduc-
es, the SiO2/Al203ratio increased (6.48, 6.67 and 6.83 by ICP),
the Na20/Alz203 ratio decreased (0.72, 0.77 and 0.83 by ICP),
and OSDA content raised accordingly (C %: 4.06%, 5.11% and
5.49% by elemental analysis). In the final liquid-solid mixture, a
part of [choline]* and Na* dissociate in the solution, and the
other part of them fill in the micropores. There is inevitably a
competition between Na* and [choline]* acting as
structure-directing agents and skeletal fillers in the synthesis of
Y zeolite. The results demonstrate that the molar ratio of Na+ to
[choline]* is a crucial factor for their competition and further
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Fig. 4. XRD pattern (A) and SEM image (B) of ChCl/ChOH:0.5/0.5-Y.

influences the framework SiOz/Al203 ratio. The use of OSDAs in
a OH- form is a direct and efficient method to enhance the
framework SiO2/Al203 ratio, which reduces the feedstock
amount of Na* to weaken the competiveness of Na*. However,
when the feed of Na+* is reduced below 0.3, it is difficult to form
uniform zeolite Y; the result accompanies lots of amorphous
aluminosilicate (samples #1 and #2 in Table S2, Fig. S2 and Fig.
S3). A certain amount of Na* is an essential part of the synthesis
of Y zeolite.

Normally, zeolite Y is synthesized at 100 °C with high alka-
linity as the sample Na-Y. ChCl-Y and ChOH-Y are designed with
low alkalinity at 110 °C because the low alkalinity and high
crystallization temperature during the synthesis are helpful for
enhancing the SiO2/Al20s ratio of the final zeolites. However,
when the temperature is increased to 120 °C, the same alumi-
nosilicate gel produces FAU and MAZ zeolite (samples #3 and
#4 in Table S2, Fig. S4 and Fig. S5). When the feed molar frac-
tion of choline cation is increased to 2.0, it is plainly a tendency
that the final products transform from the FAU topology to
MAZ structure (sample #5 in Table S2 and Fig. S6). Choline is
also used as an OSDA for synthesizing zeolite ZSM-4 with MAZ
framework [34].

3.3.  Hydrothermal and thermal stability of ChCI-Y, ChOH-Y and
Na-Y

It is well known that the (hydro)thermal stability of zeolite
at high temperature has a strong relationship with the frame-
work SiOz/Al203 ratio, which is a crucial factor for industrial
applications. The exothermic peaks without weight variation
above 800 °C in the TG/DSC curves are attributed to the struc-
tural collapse of zeolite Y, which is used as a main evaluation of
the thermal stability of zeolites at high temperature. Na-Y starts
to collapse at 970 °C (Fig. S7), but the skeleton of ChCI-Y and
ChOH-Y remains stable until 1024 and 1030 °C (Fig. 2E and 2F).
The results are also additional evidence that our materials have
unusually ultrahigh SiO2/Al20s ratio. The crystallinity change
before and after steam treatment at high temperature is a
measure of the hydrothermal stability of zeolites. The XRD pat-
terns of HChCI-Y, HChOH-Y and HNa-Y (the correspond H-form
samples after ammonium ion exchange and calcination) before
and after 100% steam treatment at 750 °C for 2 h are shown in
Fig. 5. This indicates that the crystallinity of HNa-Y descents
more steeply than that of HChCI-Y and HChOH-Y after steam
treatment. The crystallinity of HChCI-Y and HChOH-Y retains
54.2% and 56.6%, higher than 38.5% of HNa-Y; BET specific
surface area and t-plot micropore surface area of HNa-Y are
obviously lower than that of HChCI-Y and HChOH-Y after steam
treatment (Table 2). The results indicate that ChCl-Y and
ChOH-Y exhibit a more superior hydrothermal and thermal
stability owing to the higher framework Si0z/Al203 ratio. It is
known that the bond energy of the silicon-oxygen bond
(Si-0-Si) is higher than that of the aluminium-oxygen bond
(Al-0-Si), so the Si-0-Si bond is more stable than the Al-O-Si
bond. ChCl-Y and ChOH-Y have higher Si-0-Si/Al-0-Si ratio
than Na-Y, which has been interpreted with the 29Si-NMR spec-
trum (Fig. 4). Collectively, these studies confirm the practical
advantages of increasing Y zeolite SiOz/Al,03 ratio to improve
the (hydro)thermal stability, which enhances the adaptation of
Y zeolite for catalytic applications.

4. Conclusions

Fig. 5. XRD patterns of HChCI-Y (A), HChOH-Y (B), HNa-Y (C), HChCl-Yhydro (D), HChOH-Yhydro (E) and HNa-Yhydro (F). HChCl-Yhydro,
HChOH-Yhydro and HNa-Yhydro are respectively corresponded to HChCI-Y, HChOH-Y and HNa-Y after 100% steam treatment at 750 °C for 2 h.
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Table 2

Textural properties of HChCI-Y, HChOH-Y and HNaY samples before and after the hydrothermal treatment by 100% steam at 750 °C for 2 h.

Sample Relative crystallinity BET specific surface area t-Plot micropore surface area  t-Plot external surface Area
(%) (m?/g) (m?/g) (ecm3/g)

HChCI-Y 100 677.3 617.4 60.0

HChOH-Y 100 690.9 624.2 66.7

HNa-Y 100 535.4 490.8 44.6

HChCl-Yhydro 56.6 412.3 318.0 94.3

HChOH-Yhydro 54.2 507.5 418.6 88.9

HNa-Yhydro 38.5 3524 302.1 50.0

a Estimated by the reflection intensities of the X-ray diffraction peaks (1 1 1), (2 2 0) and (3 3 1) of the samples.
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Choline chloride or choline hydroxide was used as an eco-friendly and nontoxic organic structure-directing agent (OSDA) for the synthe-
sis of high silica zeolite Y with SiO2/Alz03 ratios of 6.5-6.8.
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