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Figure 1 (Color online) Schematics of graphene structures and their heterostructures (a), TMDs (b), g-C3N4 (c) and LDHSs (d)
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Table 1 2D materials and their heterostructures for electrocatalytic water splitting

. . 10 mA/cm?it} iy it % o
— et AEALFIALR o oy V:i?% Iij'/if) RN Sk
Vg0 BB A A1 A0 0.5 mol/L H,SO, - 130 HER [49]
N, SIE i = A DR AL 0.5 mol/L H,SO, 280 80.5 HER [50]
FaE Y

N, PA5 2B 4% Ofénﬁ'/L H.S0,/0-1 molil - 91/145 HER  [51]
IN[E2 F/Spag: 0 0.5 mol/L H,S0, - 45 HER [52]
1 2 B CoNi@NB 4% £ 884 0.1 mol/L H,SO, 142 104 HER [53]
W& BN FeCo@NiB 411 8215 0.5 mol/L H,S0, 262 74 HER [54]
Mo.C@N5 2t 0@5@ %@%ﬁ;{'ﬁ%ﬂ},m'{% 1241156060 0 fj’z'ggl;’” L HER  [55]
MCNs@F#% 0.5 mol/L H,S0, 78 41 HER [56]

Mo,C@N, PH:ABZ4H/N, P3:
P A T 0.5 mol/L H,S0, 34 33.6 HER [57]
g-CsNy CN,@N#B 2% 1 8545 0.5 mol/L H,S0, 240 51.5 HER [58]
ZAL AR @NE I A B IE 0.5 mol/L H,SO, 80 49.1 HER [59]
g-CoN A K -1 B M 0.5 mol/L H,S0, 207 54 HER [60]
Pd-CN, &) 0.5 mol/L H,SO, 55 35 HER [61]
AUPdZ K #/g-CaNy 0.5 mol/L H,SO, - 47 HER [62]
AU-SHEEE-CNy 0.5 mol/L H,SO, 185 53 HER [63]
S5 2% CaN,-Z FL 1 0.5 mol/L H,SO, 145 51 HER [64]
MoS, ffLMoS, 0.5 mol/L H,S0, 150 50 HER [65]
W& BB MoS, 0.5 mol/L H,SO, 120 50 HER [66]
Ot fEM0S, 0.5 mol/L H,SO, 120 55 HER [67]
SHLEEMO0S, 65 0.5 mol/L H,SO, - 29 HER [68]
Pti2 2 MoS, 0.1 mol/L H,S0, 144 9 HER [69]
M oS/ ik i A Ak A1 B M 0.5 mol/L H,SO, - 41 HER [70]
MoS,/CoSe, 0.5 mol/L H,S0, 68 36 HER [71]
WS, 1T-WS;, 0.5 mol/L H,S0, 142 70 HER [72]
9-CsNy g-CaNo/ f1 554 0.1 mol/L KOH 539 68.5 OER [73]
g-CaNAAK Fr-CNT 0.1 mol/L KOH 370 83 OER [74]
g-CsNy-TisCoe Z 4K A 0.1 mol/L KOH 420 74.6 OER [75]
Vag sl C0/C0304-N1B 4 11 # I 0.1 mol/L NaOH 437 99 OER [76]
NiB 24 2 ALBk @11 B i 0.1 mol/L KOH 400 78 OER [77]
CO%O %’:gﬁgﬂﬁﬁ%% 0.1 mol/L NaOH 447 71.4 OER [78]
Co@Co0 1 mol/L KOH 315 68 OER [79]
LDHs Zn-Co-LDH 0.1 mol/L KOH - - OER [80]
CoMn LDH 1 mol/L KOH 324 43 OER [81]
A BRI 45 I CoAl N K 1 mol/L KOH 252 36 OER [82]
CH T 5 /NiFe-LDH 1 mol/L KOH 235 30 OER [83]
FeNi-id J5 4 b £1 2474 LDH 1 mol/L KOH 206 39 OER [84]
A1 88 0% B 23 CosZnC/Co@N#5 22 1 1 mol/L KOH 366 81 OER [85]
BERIRAEL NipgaLanr s 1 mol/L KOH 300 64 OER  [86]
FeNi @N12 4 1 2 I 1 mol/L NaOH 280 70 OER [87]
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Figure 2 (@) Relationship between j, and AGy- under assumption of a Langmuir adsorption model. (b) Relationship between j, and AGy- for HER on

the surface of various metals, alloy compounds, and non-metallic material %
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Figure 3 (Color online) (a), (b) HRTEM images of CoNi@NC, showing the graphene shells and encapsulated metal nanoparticles. (c) Schematic
illustration of the CoNi@NC structure shown in (b). (d) HER polarization curves for CoNi@NC and other samples prepared at different temperatures.

(e) Volcano plot of the polarized current versus AGy- for different samples™
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Figure 4 (Color online) TEM (a), HRTEM (b) and STEM (c) images of Mo,C@NPC/NPRGO. (d) Polarization curves of Mo,C@NPC/NPRGO and

other samples®”. Scale bars: (a) 100 nm; (b) 5 nm; (c) 50 nm
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Figure 5 (Color online) (a) SEM image of the inside structure of PCN@N-graphene film. (b) Polarization curves of PCN@N-graphene and other
sampled™. (c) TEM image showing the mesoporous structure of the SCN-MPC sampleé®. (d) LSV polarization curves of Pd-CN,, Pt/C, Pd/C, and g-CN,{®!
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B TAEMOSIEPERI I N 5| AZS A7 Z% %]
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AR R E A SR P R AL HER R B . 20114, J5[H
Y HE AR K 2 Dai L OV i R S R HE Mo,
g oKL 1 AR I R A A 2205 (M oS, /RGO) I,
MoS, 3= 1936 M0 B H 5 40 S50 P 4% 1) Hl T A il
M 0S,/RGOTE M 1k AT &0 [z 17 H ¢ B H A S 1 H Ak 2
TR, Ak, E R R R KA A 2 R T e
Tl A 174 2 T8 JELA7 2E K M 0S15 31| M 0S,/ CoSe, fi k. 7l
(K1S3(a), (b)). FEmRYEA i, MoS,/CoSefi: kil %
PR AR PR A BT SR %, AR HL A IA ] -11 mV, Tafel
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El6 (MEMEE)(Q) HASHT HMIAHBIITE/REEL (b) SEIM0SLes HKAMANCYHIHRTEM . (¢) S45 7 MO0S; 65 44K b A I A XF
FA AL BB A HiZE 159, (d) PHB Z4M oS, (14755 £ FRE 5 3-STEM (HAADF-STEM) (8] S/ 7E —HEM oS, - i N 3 — 1B 24 PR E 1. () [ (d) P 4k
AP PR, 2 W i SEIRM 0S, 25 F4 T PLA IR F M OJR T 4544 (i 3%). (F) PHB24MoS, FIHALM oS, %t i Ak 571 i HERK Ak il 257

Figure 6 (Color online) (a) Schematic illustration of the electrocatalytic water-splitting by S-depleted MoS,;6s NCs. (b) HRTEM image of the
S-depleted M0S, ¢ NCs. (c) Polarization curves of S-depleted MoS, sNCs and other samples®®. (d) HAADF-STEM image of Pt-MoS, showing that

the single Pt atoms uniformly disperse in the 2D MoS, plane. (€) Magnified domain with dashed rectangle in (d) showing a honeycomb arrangement of
MoS,, and the single Pt atoms occupying the exact positions of the Mo atoms (marked by arrows). (f) HER polarization curves for Pt-MoS, in compar-

ison with other samples/®!
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A7 P9 5 ARG MR AL 3510 15 4 S 22 ) 1) | A B AR FH 4
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HAADF-STEM 43T BTz (B 7(a)), A8 i H B A 42 )m
P LT 285 B 6 PR AV 2 WS 88 5K i A 1 1 344 5 7 o 22
J DAL PR R R A% R AR 5 & 0 AR HA R E
HERSZ i PE R VE (B 7(b)). 546, M 7(c) T LA
K IMWS 40 K 76 38 0 o] LR RS e 0 4k
e AR, A TISBRWSH & JatE, R WSk
B Ui 1, Jinif 4 2 F R 2 A ot s B 47 U2 R R
il 25 15 21 42 JE@ PE WS40k R (B 7(d)), #2515 2]
AL AT DL A ZEPE MR ) SR LR b R 7(e) BT
7N, YHLR R REIAF]10 mV/dech], 1534 A H #A
142 mV, 78 CHRIE 5% 4 A AL R oA R e 4.

2 OERJR W e it 4k 51

2.1 OERJ M ICH %

OERJZE HL i K S W H 373 — AN S [ B, s
RIL T #4723l 1.23 VIS (R 7R SERR
o7 ik A R A AR Bl 2 R R R 2R BELAS R R AT,

w7 BN B BFE R, RS
& S8 A W) A AL TR T IO F RUOLTE N Y AL ), &2
OERJZ )V F 4k 7T A2 B 1t 4k 9 J Bk AL 57 2 1T OH Y
Fh ROy b 14 1% Bt 0110 Btk % 4 T ¥ OERME IT
VB 3N
OH™ +*—>OH_ +€
OH_+0OH » 0O, +H,0+e
O, +0OH > OO0H_ +e
OOH,_ +OH -0, +H,0+€
O, s > O, +%
Horp, AR R T A TEYENZ, OagsOOH #2718
A LTEE
Pk KRR PR % 1R T ) OEREE 7T [ I A0 R 4 R
Fi7R
H,O+* —>OH_+H +¢€
OH_, > O, +H +€
O, +H,O0—>00H,_ +H" +e

B 7 (MZREG) () HERH)Z IT-WS, HAPESTEME, Hf A 1 nm. (b) #1725 8)2 1T-WS, FEL bt stk ihZk. (o) 1T-WS, i
2 BE BRI ] 2R P, 3R T A 2 B R LT P A R e D, () ISR AT-WS 9K K (I HRTEMIEL. (e) HERUM HEALF 1T-WS, R A X
FhARE AT A4 A i 2172

Figure 7 (Color online) (a) HRSTEM images of an as-exfoliated 1T-WS, monolayer. Scale bar: 1 nm. (b) Polarization curves of as-exfoliated
1T-WS,; and other samples. (c) The variation in current density versus time of 1T-WS, electrode operation showing that the current density remains
constant over the tested period'®!. (d) HRTEM of the exfoliated 1T-WS, nanosheets. (€) Polarization curves comparing the high-performance HER
catalysis from 1T-WS; nanosheets with other catalysts™?
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i I PR AR 4 JE PHES 287 . M M3 BE R L L
KRB 7, AT LS B 5 A R [R5 RN 2 BE
2R . I — e i o 8 2 1 A B4 ol
13 2HLDHsAT LA T#{L OER ;. 734k, LDHs
AR AR B (8 5 Wy st SRy L3 o AR A T 3
fill. HAT, 2l H 2R H A g KT U
fILDHs, filin —Jc4 JELDHS(MgAI, NiAl, ZnAl,
CoAl, MgGa, NiGa, ZnGa, ZnCo, CoCr, CoMn, CoFe,
NiCo, NiFe, LiFe%s )BL83112-121 5 — 55 4 J& LDHs
(FeNiCo, NiFeMn%)22123 SR sn] L) 4y oy & A i I
4z & CoFINI Y 25 LDHSH K}

£ 3L U 4 B Cofty LDHsHE LB i 1k b 48
I A LB SE K B . 20134F, Asefaift i 41 B

3164

Zn-Co-LDHAH &L F H A AL BT U R 0. 7E KOHA i
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{HLDHsH) i M A Fe ik — 2034 e, Hrndk pg
PEBE T K2 Zhangif A4 B2 FH e Mg BRFVE T, 465 320
B9 5 2 CoAl g K F 7E3D A4 AR 4% | [ 4%, 15
| — Fh 3D Z 1. OER Hi, f## 1k %) 3D  GN/CoAI-NS( ]
S5(a)), R B AFAEfL IS M. anE SE(b) TR, 1
KOHIAM AT, 15510 mA/cm?H i 25 3 35 B 1Y 1t
HL LR 252 mV, HAp Ak G PEZ 1 B AR S
FH T OERAYLDHsHEL . B T KA CoAlg K H B
A AR KB b 2 1 R T DL SR B 2 I ML, AT R
FAREAT BRI E TSR, 555, 3DA MY
KR IR B S5 R M R (B TR K L KL 435 44 R o i 1Y)
S HL 26 AL BE I T CoAlgH K A (i HEFR IS A F T Ha
i JoR T A AR R 2 T YRR

H AT 98 2 W], NiFe-LDHsSTE X 2 LDHs#Ht ¥}
Hh i 5L 50 1Y OERME AL TG 1. AR Z W50 K NiFe-
LDHsHIH A A 8L 2 A 15 EH A 8E, 7644 L OER K L
I 2 b — 2 R i . IR M A 2 B R g A 2 88 f
TR A1 LT3 -3 390 3R 7 V8 5k - 15 (CQD ) AT
HNiFe-LDH44 >k F i i3 CQDs I i E i A1 MILDHE
4, %% 1 CODYNiFe-LDH 44 >k & & it 1k %1 (1A
S5(c)). 7FKOHIA i H HL I % & 8 10 mA/em?®Hi}, i
i #4235 mV (IR S5(d)). T L2 2 Afr e B, i Ak
A B FaE PER L, X J2 i T CQDSIRF AR/, Sk
Wets, BT 2 HAERARE, Bid 7 nl RIfR B M CQDs
R BINIFe-LDH . 34h, FHRHE KA Y angif il
21 1840051 ) B 4 11 FeNi-L DHsPH 35 F )2 R 47 & 4 0k
A A A SR ok R IS 72, il i 5 | 7E



KA B A s, 155 U0 R 8(a) Fir /i B, i - 1) 2
B AWK i FeNi-GO LDHs, H7EKOHZE W H ik
OER W AR G L (15 3]0.21 V. ¥4H1 45 41 FeNi-GO
LDHSsif 5 2l FeNi-rGO LDHSs, f# 1k OER i 158 i
HL A HE— B K 20.195 V(&I8(b)), ik JiJa AL 7135
P45 7 1Y R R R rGOJZ H AR R E 1 1 2 155

76 ¥ 7K Ni | 7l 45 LDHs /i 4k 771 T LA i 25 38 &
LDHsH {1 2 - 8458 LDHs | L 7 g & k. Jb ik
TR PN I A 4 O 45t — o 2 e P HES AR
3DZ LML IR NI | [ NiFe-LDHZ K H 44 K} (& 8(c))
T L OER K I, 19 2R G, BN
Tafel 7% (2950 mV/dec) FIAR 4f (1) L Ak 2= Fa e o, an
F18(d) 7 . 78 I TR Ni b S 8] B A& i 15 15 31
LDHsIfEfL G Pt 4 AR, SER25 %], LDHs
kL NiFe-LDH i fk OERIE - B &5, e 2 T
NiFe-LDH-E 7 X 8 1 ik (9 J2 AR 2544, ml LA i3
NI BB, T OH g F1OOH %5 Fp ] 44 %

16 T T Sk T A B R T T T v A Ak
A, R 5t 4 Jm 2R A A ALY AE A AL OER S 1 H 1% 1
MA R — P %R,
222 EEWHESCESEM

M T OERK W L 8 1, FEURZ & )m Ak
3 54 JE AL AE KBRS AT T AR N BB AR 4 Hb £
FERUETE. TR R 0 A AR 0 b2 ) 4 A Ak 5] B
Rl AR 7 R — AN AR = OB RER 2 1 19 3 I
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Figure 8 (Color onling) (8) SEM image of FeNi-GO LDHs. (b) Polarization curves of FeNi-rGO LDH and other sampled®. (c) SEM image of
NiFe-LDH NP film. Inset: cross-view SEM image and typical TEM image. Scale bar: 100 nm. (d) Polarization curves of NiFe-L DH and other catalysts™®
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B9 (MM M)(a) M4 muTikikRISBA-15 A48 @NEB A MR L. (b), (c) FeNI@N#ZB A S HRTEME. (d) 4 /8@N
B2 BIG AT FICNTSLA S rO, # FLAR I OERIRALINIZE . () THELAR BIAR TR Ak A 5t L AT AG(O')-AG(HO") i il 2K

Figure 9 (Color online) (a) Schematic illustration of the synthesis process of M@NCs from metal-containing precursors and SBA-15. (b), (c)
HRTEM images of FeNi@NC. (d) OER polarization curves for M@NCs in comparison with other samples. (e) The calculated negative overpotential

against the AG(O")-AG(HO") on different catalysts'®”
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Hydrogen is a kind of clean energy with high calorific value and non-pollution. There are many methods for hydrogen
production. Fuel processing technologies transform a hydrogen containing material such as coal, petroleum, or natural
gas into a hydrogen rich stream. However, these processes need an external heat source for the reactor and produce large
amounts of carbon dioxide. Hydrogen production by electrolysis of water is regarded as an advanced technology to make
effective use of renewable resources, such as wind power, solar power, etc., to achieve energy storage and conversion.
Water electrolysis includes hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). These reactions
are normally catalyzed by precious metals, such as platinum (Pt) and iridium (Ir)-based catalysts, which limits the
large-scale application of electrolysis of water. Thus, it is necessary to develop aternative catalysts with low cost and
high performance.

Two-dimensional (2D) materials have considerable application prospect in electrocatalysis of H,O because of their
unique structural and electronic properties. In addition, 2D materials with a reduced dimension compared with the bulk
material exhibits severa distinctive properties, such as high specifc surface area, high thermal and electric conductivity
and more catalytic active sites. In this review, the key scientific issues and the latest advances in the two half-reactions
(HER and OER) of electrocatalytic water splitting with 2D materials are systematically summarized. The mechanisms of
HER and OER are discussed briefly. The involved 2D materials for HER in this work include graphene, graphene
encapsulated transition-metal catalysts, g-CsN, and 2D transition-metal dichal cogenides, while for OER contain layered
double hydroxide (LDH) and graphene encapsulated transition-metal catalysts materials. For graphene, g-CsN,4 and 2D
transition-metal dichal cogenides, there are various techniques to enhance the catalytic activity of the materials, such as
the introduction of defects, heteroatom-doped (N, B, P, S or metal atoms) and functional groups. For graphene
encapsulating earth-abundant transition metal nanoparticles, the activity of electrocatalytic water splitting can be
improved by the electron transfer from the metal core. Furthermore, the utilization of strong coupling between various
2D materials is another facile approach to optimize the catalytic activity. This review enumerates severa typical 2D
materials and recent applications for the two half-reactions of electrocatalytic water splitting respectively.

The future challenges and opportunities in this field are also discussed. The strategy for designing novel HER
electrocatalysts with high performance mainly focuses on the electronic structure engineering of 2D materials to modify
electronic properties and optimize the adsorption and desorption behavior of H atoms. The design of high-performance
and long-term durability OER electrocatalysts in acidic medium still remains a major challenge. Although the obtained
electrocatalysts for water splitting till suffer from some serious problems when it comes to large-scale applications, the
unique electronic structure of 2D materials and possibility of modifcations on the surface offer opportunities to
synthesize novel electrocatalysts with low cost, high catalytic activity and high stability. Thus, it is possible to adopt 2D
materials as catalystsin electrocatal ytic water splitting reactions. It is expected to give guidance for the comprehension of
2D materials and their applicationsin electrocatal ytic water splitting.

two-dimensional materials, graphene, water splitting, electrocatalysis, hydrogen evolution reaction (HER), oxygen
evolution reaction (OER)
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Figure S1The mechanism of hydrogen evolution on the surface of an electrode in acidic solutions®™
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length (c)!**!

S3 MoS,/CoSe; TEM a HRTEM b ¢ MoS,/CoSe, MoS, CoSe, Pt/C

[71]

Figure S3 TEM (a) and HRTEM (b) images of MoS,/CoSe, hybrid. (c) Polarization curves for HER of

Mo0S,/CoSe, hybrid and other samples!™
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Figure S4 The OER mechanism for acid and alkaline conditions**!!

S5 a /CoAl TEM b /CoAl
NrO, ICoAl-B  OER B ¢ C INiFe-LDH
HRTEM d 1mol/L KOH C INiFe-LDH OER [83]

Figure S5 (a) TEM image of 3DGN/CoAI-NS. (b) The OER performances of 3DGN/CoAI-NS,
3DGN/IrO, and 3DGN/CoAl-BP?. (c) HRTEM image of the CQD/NiFe-LDH hybrid. (d) Polarization

curves for OER in 1 M KOH of CQD/NiFe-LDH and other samples®®!



