
REVIEWS

4714

Electrochemical reduction of carbon dioxide to
multicarbon (C2+) products: challenges and
perspectives

Bin Chang, Hong Pang, Fazal Raziq, Sibo Wang,
Kuo-Wei Huang, Jinhua Ye* and Huabin Zhang*

4759

Wide-temperature-range sodium-metal batteries:
from fundamentals and obstacles to optimization

Yu Sun, Jing-Chang Li, Haoshen Zhou and
Shaohua Guo*

IN THIS ISSUE
ISSN 1754–5706 CODEN EESNBY 16(11) 4697–5536 (2023)

Cover
See Shengli Zhang,
Zhongfang Chen,
Shiping Huang et al.,
pp. 5003–5018.
Image reproduced
by permission of
Xiangyu Guo from
Energy Environ. Sci.,
2023, 16, 5003.

Inside cover
See Bin Chang,
Huabin Zhang et al.,
pp. 4714–4758.
Image reproduced
by permission of
Huabin Zhang and
Bin Chang from
Energy Environ. Sci.,
2023, 16, 4714.

Energy & Environmental Science

rsc.li/ees

The Royal Society of Chemistry is the world’s leading chemistry community. Through our high impact journals and publications we
connect the world with the chemical sciences and invest the profits back into the chemistry community.

This journal is The Royal Society of Chemistry 2023 Energy Environ. Sci., 2023, 16, 4699–4713 | 4699

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
no

ve
m

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

2/
02

/2
02

6 
22

:4
7:

55
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/ees
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee90063k
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE016011


Editorial Staff
Executive Editor 
Neil Scriven

Deputy Editor 
Sarah Holmes

Development Editor 
Lily Newton

Editorial Production Manager 
Claire Darby

Publisher 
Sam Keltie

Publishing Editors 
Emma Carlisle, Hannah Hamilton, Irene Sanchez Molina 
Santos, Michael Spencelayh, Callum Woof, Lauren Yarrow-
Wright

Editorial Assistant 
Kate Bandoo

Publishing Assistant 
Linda Warncke

For queries about submitted articles, please contact  
Claire Darby, Editorial Production Manager, in the first 
instance. E-mail: ees@rsc.org

For pre-submission queries, please contact  
Neil Scriven, Executive Editor.  
E-mail: ees-rsc@rsc.org

Energy & Environmental Science (EES)  
(electronic: ISSN 1754-5706) is published 12 times a year by the 
Royal Society of Chemistry, Thomas Graham House,  
Science Park, Milton Road, Cambridge, CB4 0WF, UK. 

All orders, with cheques made payable to the Royal Society of 
Chemistry, should be sent to the Royal Society of Chemistry 
Order Department, Royal Society of Chemistry,  
Thomas Graham House, Science Park, Milton Road, 
Cambridge, CB4 0WF, UK 
Tel +44 (0)1223 432398; E-mail orders@rsc.org

2023 Annual (electronic) subscription price: £1521; US$2752. 
Customers in Canada will be subject to a surcharge to cover 
GST. Customers in the EU subscribing to the electronic version 
only will be charged VAT. 

If you take an institutional subscription to any Royal Society of 
Chemistry journal you are entitled to free, site-wide web access 
to that journal. You can arrange access via Internet Protocol 
(IP) address at www.rsc.org/ip

Customers should make payments by cheque in sterling 
payable on a UK clearing bank or in US dollars payable  
on a US clearing bank. 

Whilst this material has been produced with all due care, the 
Royal Society of Chemistry cannot be held responsible or liable 
for its accuracy and completeness, nor for any consequences 
arising from any errors or the use of the information contained 
in this publication. The publication of advertisements does 
not constitute any endorsement by the Royal Society of 
Chemistry or Authors of any products advertised. The views 
and opinions advanced by contributors do not necessarily 
reflect those of the Royal Society of Chemistry which shall not 
be liable for any resulting loss or damage arising as a result of 
reliance upon this material. The Royal Society of Chemistry is 
a charity, registered in England and Wales, Number 207890, 
and a company incorporated in England by Royal Charter 
(Registered No. RC000524), registered office:  
Burlington House, Piccadilly, London W1J 0BA, UK,  
Telephone: +44 (0) 207 4378 6556.

Advertisement sales:  
Tel +44 (0) 1223 432246; Fax +44 (0) 1223 426017;  
E-mail advertising@rsc.org

For marketing opportunities relating to this journal,  
contact marketing@rsc.org

Energy & Environmental 
Science
rsc.li/ees
Energy & Environmental Science links all aspects of science relating to energy conversion 
and storage, alternative fuel technologies and environmental science.

Editorial Board
Chair 
Jenny Nelson, Imperial College London, UK

Editorial Board Members
Xinhe Bao, Dalian Institute of Chemical 
Physics (DICP), China
Christoph Brabec, University of Erlangen-
Nuremberg, Germany
William Chueh, Stanford University, USA 
Linda Nazar, University of Waterloo, Canada
Jan Rossmeisl, University of Copenhagen, 
Denmark
Jennifer Wilcox, University of Pennsylvania, 
USA 
Karen Wilson, RMIT, Australia

Advisory Board
Markus Antonietti, Max Planck Institute of 
Colloids and Interfaces, Germany
Juan Bisquert, Jaume I University, Spain
Bernie Bulkin, Sustainable Development 
Commission, UK
Stephen Campbell, Automotive Fuel Cell 
Cooperation, Canada
Emily Carter, Princeton University, USA
Kylie Catchpole, Australian National 
University, Australia
Jaephil Cho, Ulsan National Institute of 
Science and Technology (UNIST), Korea
Wonyong Choi, Korea Institute of Energy 
Technology, Korea
Ib Chorkendorff, Technical University of 
Denmark, Denmark
Peter Dobson, University of Oxford, UK
Kazunari Domen, Tokyo Institute of 
Technology, Japan
Nieves Espinosa, University of Murcia, Spain
Hongjin Fan, Nanyang Technological 
University, Singapore
Elzbieta Frackowiak, Poznan University of 
Technology, Poland
Hermenegildo García, Universidad Politécnica 
de Valencia, Spain
Laura Herz, University of Oxford, UK
José Goldemberg, University of São Paulo, 
Brazil
Harry Gray, California Institute of Technology 
(Caltech), USA
Dirk Guldi, Friedrich-Alexander University 

Erlangen-Nürnberg, Germany
Anders Hagfeldt, Uppsala University, Sweden
Steven Holdcroft, Simon Fraser University/
NRC Institute for Fuel Cell Innovation, Canada
George Huber, University of Wisconsin-
Madison, USA
Oliver Inderwildi, University of Oxford, UK
Saiful Islam, University of Oxford, UK
Mercouri G Kanatzidis, Northwestern 
University, USA
Thomas Kirchartz, Forschungszentrum Jülich 
(FZJ), Germany
Akihiko Kudo, Tokyo University of Science, 
Japan
Pooi See Lee, Nanyang Technological 
University, Singapore
Nathan Lewis, California Institute of 
Technology (Caltech), USA
Chengdu Liang, Oak Ridge National 
Laboratory, USA
Jeffrey R Long, University of California 
Berkeley, USA 
Yi-Chun Lu, Chinese University of Hong 
Kong, China
Shelley Minteer, The University of Utah, USA
Christopher R McNeill, Monash University, 
Australia
Arthur Nozik, National Renewable Energy 
Laboratory, USA
Satish Ogale, National Chemical Laboratory 
(CSIR-NCL), India
Annamaria Petrozza, Istituto Italiano di 

Tecnologia, Italy

Zhiyong Jason Ren, Princeton University, USA
Rodney Ruoff, Ulsan National Institute of 
Science & Technology (UNIST), South Korea
Jennifer Rupp, Massachusetts Institute of 
Technology, USA
Srinivasan Sampath, Indian Institute of 
Science, India
Uwe Schröder, TU-Braunschweig, Germany
David Sinton, University of Toronto, Canada
Henry Snaith, University of Oxford, UK
Robert Socolow, Princeton University, USA
Jefferson W Tester, Cornell University, USA
Dan Wang, Institute of Process Engineering, 
Chinese Academy of Sciences, China
Peng Wang, Zhejiang University, China
Michael R Wasielewski, Northwestern 
University, USA
Li-Zhu Wu, Technical Institute of Physics and 
Chemistry, Chinese Academy of Sciences, 
China
Bilge Yildiz, Massachusetts Institute of 
Technology, USA
Kyung Byung Yoon, Sogang University, South 
Korea
Yan Yu, University of Science and Technology 
of China, China
Jincai Zhao, Institute of Chemistry, Chinese 
Academy of Sciences, China
Tim S. Zhao, The Hong Kong University of 
Science & Technology, Hong Kong

Information for Authors
Full details on how to submit material for publication in EES are  
given in the Instructions for Authors (available from  
http://www.rsc.org/authors). Submissions should be made via the 
journal’s homepage: rsc.li/ees

Authors may reproduce/republish portions of their published 
contribution without seeking permission from the Royal Society of 
Chemistry, provided that any such republication is accompanied by 
an acknowledgement in the form: (Original Citation)–Reproduced by 
permission of the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2023. 
Apart from fair dealing for the purposes of research or private study 
for non-commercial purposes, or criticism or review, as permitted 
under the Copyright, Designs and Patents Act 1988 and the Copyright 
and Related Rights Regulation 2003, this publication may only be 
reproduced, stored or transmitted, in any form or by any means, with 
the prior permission in writing of the Publishers or in the case of 
reprographic reproduction in accordance with the terms of licences 
issued by the Copyright Licensing Agency in the UK. US copyright law 
is applicable to users in the USA.

Registered charity number: 207890

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
no

ve
m

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

2/
02

/2
02

6 
22

:4
7:

55
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee90063k


REVIEWS

4812

Advances and challenges in single-site catalysts
towards electrochemical CO2 methanation

Jiexin Zhu, Lei Lv, Shahid Zaman, Xingbao Chen,
Yuhang Dai, Shenghua Chen,* Guanjie He,
Dingsheng Wang* and Liqiang Mai*

4834

Recent status, key strategies and challenging
perspectives of fast-charging graphite anodes
for lithium-ion batteries

Yangyang Liu, Haodong Shi and Zhong-Shuai Wu*

4872

Metal–iodine batteries: achievements, challenges,
and future

Leiqian Zhang, Hele Guo, Wei Zong, Yunpeng Huang,
Jiajia Huang,* Guanjie He, Tianxi Liu, Johan Hofkens and
Feili Lai*

PERSPECTIVES

4926

Hydrogen society: from present to future

Daqin Guan, Bowen Wang, Jiguang Zhang,
Rui Shi, Kui Jiao,* Lincai Li, Yang Wang, Biao Xie,
Qingwen Zhang, Jie Yu, Yunfeng Zhu,
Zongping Shao* and Meng Ni*

This journal is The Royal Society of Chemistry 2023 Energy Environ. Sci., 2023, 16, 4699–4713 | 4701

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
no

ve
m

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

2/
02

/2
02

6 
22

:4
7:

55
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee90063k


PERSPECTIVES

4944

Direct ocean capture: the emergence of
electrochemical processes for oceanic carbon
removal

Prince Aleta, Abdelrahman Refaie, Mohsen Afshari,
Ahmad Hassan and Mohammad Rahimi*

4968

Carbon accounting without life cycle analysis

Klaus S Lackner,* Stephanie H Arcusa,* Habib Azarabadi,
Vishrudh Sriramprasad and Robert Page

4983

Addressing global water stress using
desalination and atmospheric water harvesting:
a thermodynamic and technoeconomic perspective

Jordan D. Kocher and Akanksha K. Menon*

MINIREVIEW

4994

Progress on smart integrated systems of seawater
purification and electrolysis

Lu Li, Gao Chen,* Zongping Shao and Haitao Huang*

4702 | Energy Environ. Sci., 2023, 16, 4699–4713 This journal is The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
no

ve
m

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

2/
02

/2
02

6 
22

:4
7:

55
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee90063k


PAPERS

5003

Data-driven pursuit of electrochemically stable 2D
materials with basal plane activity toward oxygen
electrocatalysis

Xiangyu Guo, Shengli Zhang,* Liangzhi Kou,
Chi-Yung Yam, Thomas Frauenheim, Zhongfang Chen*
and Shiping Huang*

5019

Realizing the potential of hydrophobic crystalline
carbon as a support for oxygen evolution
electrocatalysts

Myeong-Geun Kim, Tae Kyung Lee, Eungjun Lee,
Subin Park, Hyun Ju Lee, Haneul Jin, Dong Wook Lee,
Min-Gi Jeong, Hun-Gi Jung, Kyungmin Im, Chuan Hu,
Hyung Chul Ham, Kwang Ho Song, Yung-Eun Sung,
Young Moo Lee and Sung Jong Yoo*

5029

Over 28% efficiency perovskite/Cu(InGa)Se2 tandem
solar cells: highly efficient sub-cells and their
bandgap matching

Xinxing Liu, Junjun Zhang, Liting Tang, Junbo Gong,*
Wang Li, Zengyang Ma, Zexin Tu, Yanyan Li, Ruiming Li,
Xuzhi Hu, Chen Shen, He Wang, Zhiping Wang,
Qianqian Lin, Guojia Fang, Sheng Wang, Chang Liu,
Zengming Zhang, Jianmin Li* and Xudong Xiao*

5043

Alternate heterogeneous superlattice control
of lattice strain to stabilize Li-rich cathode

Ying Zhang, Xiaoyu Shi, Shuanghao Zheng,
Yuguo Ouyang, Mingrun Li, Caixia Meng,
Yan Yu* and Zhong-Shuai Wu*

This journal is The Royal Society of Chemistry 2023 Energy Environ. Sci., 2023, 16, 4699–4713 | 4703

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
no

ve
m

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

2/
02

/2
02

6 
22

:4
7:

55
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee90063k


PAPERS

5052

Correlating miscibility, mechanical parameters,
and stability of ternary polymer blends for high-
performance solar cells

Kangkang Zhou, Kaihu Xian, Ruijie Ma, Junwei Liu,
Mengyuan Gao, Saimeng Li, Tao Liu, Yu Chen,
Yanhou Geng and Long Ye*

5065

Unlocking the performance of ternary metal
(hydro)oxide amorphous catalysts via data-driven
active-site engineering

Doudou Zhang, Haobo Li,* Haijiao Lu, Zongyou Yin,
Zelio Fusco, Asim Riaz, Karsten Reuter, Kylie Catchpole
and Siva Karuturi*

5076

Analysis of bipolar membranes for electrochemical
CO2 capture from air and oceanwater
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