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ABSTRACT
In  hydrogen evolution  reaction,  inefficient  mass  transfer  caused by  bubble  adhesion  on  electrode,  bubble  dispersion  in
electrolyte and slow H2 diffusion, has greatly impeded the reaction process. Existing techniques can only resolve bubble
adhesion or bubble dispersion problems. Strategy that simultaneously solve bubble adhesion, bubble dispersion and poor
hydrogen  diffusion  problems  is  rarely  reported.  Recently,  an  article  reported  a  new  electrode  with  special  wettability
design,  which  can  efficiently  promote  bubble  transfer  and  dissolved  H2  diffusion.  This  design  can  simultaneously  solve
above mentioned three mass transfer issues and improve electrode efficiency. We summarize the remaining challenges of
this work and outlook potential approaches to promote mass transfer in gas-evolution reactions.
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Electrocatalytic  hydrogen evolution reaction (HER)  is  considered
as an effective method to produce green hydrogen, which will play
significant role in low-carbon future [1‒3]. Typically, HER in acid
media  includes  three  critical  steps  (Fig. 1(a))  [4, 5]:  i)  H+ transfer
from electrolyte to electrode interface; ii) electrocatalytic reactions
at electrode surface; iii) mass transfer of H2, including dissolved H2
diffusion and gaseous bubble motion. The majority of studies have
focused  on  step  2  and  designing  elegant  electrocatalysts  to
improve HER efficiency [6, 7]. However, especially at large current
density, the performance of HER is greatly impeded by inefficient
mass transfer of H2,  i.e.,  bubble adhesion on electrode (Fig. 1(b)),
bubble dispersion in the vicinity of electrode (Fig. 1(c)), and poor
dissolved  H2 diffusion  (Fig. 1(d))  [8].  The  adhered  hydrogen
bubbles on electrode surface will  isolate catalytic active sites from
the electrode and block electrolyte diffusion [9], and the dispersed
bubbles  in  the  vicinity  of  electrode  will  occupy  the  electrolyte
volume  and  cause  additional  ohmic  resistance  as  well  [10].
Meanwhile, the critical concentration of dissolved H2 required for
bubble  nucleation  is  ~310  times  larger  than  the  saturation
concentration at room temperature and pressure [11],  which will
cause large concentration overpotential [12].

Active  bubble  detaching  methods  have  been  developed  to
remove  bubbles  from  electrode  surface,  such  as  flow  cell  [13],
magnetic  field  [14],  ultrasonic  field  [15]  and  super-gravity  field
[16].  But these active bubble detaching methods not only require
additional  equipment  and  energy  input,  but  also  leave  bubble
dispersion and poor dissolved H2 diffusion problems.

Given  the  typical  bubble  formation  procedures  of  nucleation,
propagation  and  adhesion,  aerophobicity-based  passive  bubble
detaching methods were designed to promote bubble detachment.
For  example,  Sun  et  al.  reported  a  kind  of  superaerophobic
electrode which can offer a rapid removal of small gas bubbles and
constant  working  area,  resulting  in  promoted  electrocatalytic
performance [17]. Although without extra equipment and energy
input,  these  superaerophobic  electrodes  still  cannot  resolve  the
bubble dispersion and poor H2 diffusion issues. In 2016, Yu et al.
reported a “transporting strategy”,  i.e.,  utilizing aerophilic conical
electrode  to  achieve  directional  bubble  transportation  and
collection during HER [18]. This directional transportation ability
is  benefitted  from  geometry  gradient  of  cone  shape  and  large
bubble  adhesive  force  of  aerophilic  electrode  surface.  With  this
strategy,  bubble  dispersion  has  been  well  resolved,  but  bubble
adhesion and H2 diffusion problems still exist.

Recent  reporting  in  Science  Advances
(https://www.science.org/doi/10.1126/sciadv.add6978),  Cunming
Yu,  Lei  Jiang  and  their  colleagues  have  developed  a
superaerophilic/superaerophobic cooperative electrode to enhance
mass  transfer  through  simultaneously  solving  bubble  adhesion,
bubble  dispersion  and  poor  hydrogen  diffusion  problems  as
shown  in Fig. 2 [19].  The  electrode  was  composed  of
superaerophilic  (SAL)  stripes  and  superaerophobic  (SAB)
electrocatalytic region (Fig. 2(a)). The SAL stripes were covered by
gas  cushion  and  acted  as  gas  channel  to  transport  H2.  At
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beginning of HER, H2 bubbles will not contact SAL stripes, but the
dissolved H2 molecules can directly diffuse to ambient air through
gas  cushion  at  SAL  stripes,  which  is  connected  with  ambient  air
(Fig. 2(b)).  When  bubbles  grow  up  and  contact  with  the  SAL
stripes, H2 bubbles will be rapidly transferred through SAL stripes,
owing to the asymmetric Laplace pressure between electrocatalytic
region and SAL stripes. Consequently, bubble adhesion and direct
H2 bubbles  releasing  in  electrolyte  is  greatly  avoided  (Fig. 2(c)).

The  enhancement  of  H2 diffusion  was  verified  by  finite  element
modelling.  As  shown  in Fig. 2(d),  electrode  without  SAL  stripes
showed  extremely  high  dissolved  H2 concentration  (~0.66  M)  at
electrode surface. After introducing SAL stripes (Fig. 2(e)), the H2
diffusion  distance  was  dramatically  decreased  to  achieve  a  much
lower  H2 concentration  compared  to  the  electrode  without  SAL
stripes.  Fast  bubble  transfer  in  milliseconds  can  be  directly
observed  in Fig. 2(f).  Benefitted  from  above  mentioned

 

Figure 1    Schematics  of  HER  process  in  acid  electrolyte  and  H2 related  mass  transfer  issues.  (a)  HER  process  in  acid  electrolyte.  (b)  Bubble  adhesion,  (c)  bubble
dispersion and (d) poor dissolved H2 diffusion issues in HER.
 

Figure 2    Superaerophilic/superaerophobic cooperative electrode. (a) Schematic of flat Pt electrode with SAL stripes. (b) Schematic of H2 diffusion of non-contacted
bubbles. The dissolved H2 can diffuse out the reaction system through superaerophilic (SAL) stripes. (c) Schematic of bubble transfer of contacted bubble. As growing
up, the bubble contact SAL stripes and be timely transferred. (d, e) Simulated H2 concentration distribution at flat Pt electrode without (d) and with (e) SAL stripes. (f)
Optical images of bubble transfer process on electrode with SAL stripes. (g) LSV plots of Ti-based superaerophobic (SAB) Pt electrode and Ti-based SAL/SAB Pt. (h)
Comparison of the current densities of the Ti-based SAL/SAB Pt electrode with various 2-dimentional electrode. (i) Stability test of Ti-based SAL/SAB Pt electrode in 4
M  H2SO4.  (a) ‒(i)  Adapted  with  permission  from  Ref.  [19],  ©  2023  The  Authors,  some  rights  reserved;  exclusive  licensee  American  Association  for  the
Advancement of Science.
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enhancements,  the  Ti-based  SAL/SAB  cooperative  Pt  electrode
achieved –10  mA·cm–2 at  overpotential  of –19  mV,  while  for  Ti-
based  SAB  Pt  electrode,  the  required  overpotential  was –49  mV
(Fig. 2(g)).  With  optimizing  electrolyte  concentration,  the  Ti-
based  SAL/SAB  Pt  electrode  achieved  ultrahigh  current  density
(–1,867  mA·cm–2)  at  overpotential  of –500  mV,  which  is  almost
the  best  in  recent  reported  2-dimentional  electrode.  And  the  Ti-
based SAL/SAB Pt electrode exhibited stable HER in 4 M H2SO4
for over 10 hours.

Remaining  challenges  in  this  research  are  experimental
evidence  of  dissolved  H2 diffusion  and  stability  at  large  current
density.  At  the  moment,  the  enhanced  H2 diffusion  is  verified
through finite element modelling and without direct experimental
investigation.  To  further  elucidate  the  intrinsic  mechanism  of
dissolved H2 diffusion on SAL/SAB cooperative electrode, more in-
situ experimental  evidence  needs  to  be  explored.  And  stability
performance  at  500  mA·cm–2 is  far  below  the  industrial  level,
which also need to be improved in future.

With  the  development  of  bubble  super-wettability  system,
wettability  design  has  showed  great  potential  in  gas-involved
electrode  [20, 21].  There  are  several  research  directions  can  be
explored to promote bubble related mass transfer in gas-evolution
reaction:  1)  exploring  catalysts  with  special  micro/nano  structure
to  delay  bubble  nucleation  and  accelerate  bubble  detachment;
2) designing single or multi-wettability pattern to promote bubble
transfer  or  dissolved  molecules  diffusion;  3)  developing  new
methods to fabricate stable catalysts and superaerophilic coatings.
In  addition,  the  feasibility  of  applying  the
superaerophilic/superaerophobic cooperative strategy in other gas-
involved reactions need to be explored in future researches.

 Declaration of conflicting interests
The authors declare no conflicting interests regarding the content
of this article.

References 

 Liu, T.; Wu, Y. F.; Lan, C.; Jiang, W. C.; Zhu, L. Y.; Wang, Y. P.;
Yang,  D.  S.;  Shao,  Z.  P.  A  membrane-based  seawater  electrolyser
for hydrogen generation. Nature 2022, 612, 673–678.

[1]

 Gao,  F.;  He,  J.  Q.;  Wang,  H.  W.;  Lin,  J.  H.;  Chen,  R.  X.;  Yi,  K.;
Huang, F.; Lin, Z.; Wang, M. Y. Te-mediated electro-driven oxygen
evolution reaction. Nano Res. Energy 2022, 1, 9120029.

[2]

 Zhang, K. X.; Liang, X.; Wang, L. N.; Sun, K.; Wang, Y. N.; Xie, Z.
B.; Wu, Q. N.; Bai, X. Y.; Hamdy, M. S.; Chen, H. et al. Status and
perspectives  of  key  materials  for  PEM  electrolyzer.  Nano  Res.
Energy 2022, 1, e9120032.

[3]

 Tang,  C.;  Wang,  H.  F.;  Zhang,  Q.  Multiscale  principles  to  boost
reactivity  in  gas-involving  energy  electrocatalysis. Acc.  Chem.  Res.

[4]

2018, 51, 881–889.
 Wang, Y. Q.; Zou, Y. Q.; Tao, L.; Wang, Y. Y.; Huang, G.; Du, S.
Q.;  Wang,  S.  Y.  Rational  design  of  three-phase  interfaces  for
electrocatalysis. Nano Res. 2019, 12, 2055–2066.

[5]

 Li, Y.; Wei, X. F.; Chen, L. S.; Shi, J.  L. Electrocatalytic hydrogen
production trilogy. Angew. Chem. , Int. Ed. 2021, 60, 19550–19571.

[6]

 Gu,  J.  W.;  Peng,  Y.;  Zhou,  T.;  Ma,  J.;  Pang,  H.;  Yamauchi,  Y.
Porphyrin-based  framework  materials  for  energy  conversion. Nano
Res. Energy 2022, 1, 9120009.

[7]

 Zhao,  X.;  Ren,  H.;  Luo,  L.  Gas  bubbles  in  electrochemical  gas
evolution reactions. Langmuir 2019, 35, 5392–5408.

[8]

 Dukovic,  J.;  Tobias,  C.  W.  The  influence  of  attached  bubbles  on
potential  drop  and  current  distribution  at  gas‐evolving  electrodes.
J. Electrochem. Soc. 1987, 134, 331–343.

[9]

 Vogt,  H.  A  hydrodynamic  model  for  the  ohmic  interelectrode
resistance of cells with vertical gas evolving electrodes. Electrochim.
Acta 1981, 26, 1311–1317.

[10]

 Chen,  Q.  J.;  Luo,  L.;  Faraji,  H.;  Feldberg,  S.  W.;  White,  H.  S.
Electrochemical  measurements  of  single  H2  nanobubble  nucleation
and  stability  at  Pt  nanoelectrodes.  J.  Phys.  Chem.  Lett.  2014,  5,
3539–3544.

[11]

 Vogt, H. The concentration overpotential of gas evolving electrodes
as  a  multiple  problem of  mass  transfer. J.  Electrochem.  Soc. 1990,
137, 1179–1184.

[12]

 Eigeldinger,  J.;  Vogt,  H.  The  bubble  coverage  of  gas-evolving
electrodes  in  a  flowing  electrolyte.  Electrochim.  Acta  2000,  45,
4449–4456.

[13]

 Iida,  T.;  Matsushima,  H.;  Fukunaka,  Y.  Water  electrolysis  under  a
magnetic field. J. Electrochem. Soc. 2007, 154, E112.

[14]

 Li,  S.  D.;  Wang,  C.  C.;  Chen,  C.  Y.  Water  electrolysis  in  the
presence  of  an  ultrasonic  field.  Electrochim.  Acta  2009,  54,
3877–3883.

[15]

 Wang, M. Y.; Wang, Z.; Guo, Z. C. Water electrolysis enhanced by
super  gravity field for  hydrogen production. Int.  J.  Hydrog.  Energy
2010, 35, 3198–3205.

[16]

 Lu, Z. Y.; Zhu, W.; Yu, X. Y.; Zhang, H. C.; Li, Y. J.; Sun, X. M.;
Wang,  X.  W.;  Wang,  H.;  Wang,  J.  M.;  Luo,  J.  et  al.  Ultrahigh
hydrogen  evolution  performance  of  under-water  "superaerophobic"
MoS2 nanostructured electrodes. Adv. Mater. 2014, 26, 2683–2687.

[17]

 Yu,  C.;  Cao,  M.;  Dong,  Z.;  Li,  K.;  Yu,  C.;  Wang,  J.;  Jiang,  L.
Aerophilic electrode with cone shape for continuous generation and
efficient  collection  of  H2  bubbles.  Adv.  Funct.  Mater.  2016,  26,
6830–6835.

[18]

 Zhang,  C.  H.;  Xu,  Z.;  Han,  N.  N.;  Tian,  Y.;  Kallio,  T.;  Yu,  C.  M.;
Jiang,  L.  Superaerophilic/superaerophobic  cooperative  electrode  for
efficient  hydrogen  evolution  reaction  via  enhanced  mass  transfer.
Sci. Adv. 2023, 9, eadd6978.

[19]

 Liu,  M.  J.;  Wang,  S.  T.;  Jiang,  L.  Nature-inspired  superwettability
systems. Nat. Rev. Mater. 2017, 2, 17036.

[20]

 Miao, W. N.; Tian, Y.; Jiang, L. Bioinspired superspreading surface:
From essential mechanism to application. Acc. Chem. Res. 2022, 55,
1467–1479.

[21]

 
 

Chunhui Zhang is currently a Ph. D. student at the Technical Institute of Physics and Chemistry, Chinese Academy of Sci-
ences, under the supervision of Prof. Lei Jiang and Associated Professor Cunming Yu. He received his B.S. degree (2018)
from Beihang University.  His  current  interests  are  focused on manipulation of  underwater  gas  bubbles  and bubble-in-
volved electrode reactions.

 

 
 

  Nano Research Energy  2023,  2: e9120063 3

 

 

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy

https://doi.org/10.1038/s41586-022-05379-5
https://doi.org/10.26599/NRE.2022.9120029
https://doi.org/10.26599/NRE.2022.9120032
https://doi.org/10.26599/NRE.2022.9120032
https://doi.org/10.1021/acs.accounts.7b00616
https://doi.org/10.1007/s12274-019-2310-2
https://doi.org/10.1002/anie.202009854
https://doi.org/10.26599/NRE.2022.9120009
https://doi.org/10.26599/NRE.2022.9120009
https://doi.org/10.1021/acs.langmuir.9b00119
https://doi.org/10.1149/1.2100456
https://doi.org/10.1016/0013-4686(81)85115-8
https://doi.org/10.1016/0013-4686(81)85115-8
https://doi.org/10.1021/jz501898r
https://doi.org/10.1149/1.2086624
https://doi.org/10.1016/S0013-4686(00)00513-2
https://doi.org/10.1149/1.2742807
https://doi.org/10.1016/j.electacta.2009.01.087
https://doi.org/10.1016/j.ijhydene.2010.01.128
https://doi.org/10.1002/adma.201304759
https://doi.org/10.1002/adfm.201601960
https://doi.org/10.1126/sciadv.add6978
https://doi.org/10.1038/natrevmats.2017.36
https://doi.org/10.1021/acs.accounts.2c00042


 
Cunming  Yu is  currently  an  associate  professor  at  the  School  of  Chemistry,  Beihang  University.  He  received  his  Ph.D.
(2017)  from the Institute of  Chemistry,  Chinese Academy of  Sciences under the supervision of  Prof.  Lei  Jiang and then
worked as a postdoctoral fellow (2017-2019) in the group of Prof. Lei Jiang at the School of Chemistry, Beihang University.
His research interests are focused on improving HER efficiency through enhancing mass transfer and developing bioin-
spired superwetting materials.

 
 

Kesong Liu is  currently  a  professor at  the School  of  Chemistry,  Beihang University.  He received his  Ph.D.  degree (2006)
from Harbin Engineering University under the supervision of Prof. Honggang Fu and Prof. Milin Zhang and then worked
as a postdoctoral fellow (2006–2008) in Prof. Lei Jiang’s group. His research interests are focused on the design, construc-
tion, and application of bioinspired materials with multifunction integration.

  
  4 Nano Research Energy  2023,  2: e9120063

 

 


	Declaration of conflicting interests
	References

