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Figure 1 The morphological characterization of the samples. SEM (a), HRTEM (b), and SAED (c) images of Co;0, {112}; SEM (d), HRTEM (e),

and SAED (f) images of Co;0, {111}

3750



it

=z

PDF#97-002-4210)FCCHI5E 4 VE L, J1 H FE Bbe iR
FER T (B EI2(2) I ZE N 2R, L5 i i
S PEEERR, 445 IR T A, 3kt B Ak R R R 1Y) R
T A T W AR {111} Fa T e A /8. ZE2 oot
H(E2(b)), WECHS555675 cm™ 4 BRI A 45
H1C0, -0 Coy -ORI RSN, X LI T i 1T B 22 ) JE
LA AL [ N Y Ay A Ny S 3 ¥ T e |
MTCER AR SIS, SHEFIIET T X6 T Reik
(XPS)IH. 7ECo 2pHiE RIXPSIE T (E2(c)), 112T794.9
F1779.7 VAL 3 HIJ-Co™ 2p%ILIE 1/2F013/261 [ fiel, i
137 F796.5F1780.8 e VAL /35l JECo™" 2pHILIE 1 1/2F13/2
g e, Sl TR Co™ /CoT A, AT
PUARXS F {111} fH T AYCo50,, 5% {112} Fhifi ) Cos0,
A2 Em LCe’ (Co ' /Co™'=2.13, TMiCo,0,4 {111}
f1Co™ " /Co™ L 491.88), XBHEHICo,0, {112} THEZL
TP AR Co(Coye). O 1sIIYEIE(EI2(d))FES30-

531F1532 eVAL SRl =0, 435 s Ael . R
B SRR BRE /K A3 FAH G, A T TERS 4 e AE A AL 57 B9
G54, FRATHEAT T IR A S X M s I (512 e),
(f). 7EC050, {112}EXAFSYGik A B A ] rpr, &
PUAEL.41. 2.39H12.97 ALb /R T 5Co-O. Co-Co,. Hl
Co-Coy BT ARMI R = A FEAE S, B8 (#

SSHHH I T 5/ HAE RSN A CHIA ,, L5 ik
RSN A Iy, X WgE— DUt T AR L T 1R
SERI A 4R,

FATXS A R] AT Y Co, O, 4T 1 H Ak 27 PERE I 3.
7EpH 2f94 mol L™ NaCIZAWE Hh B9 CERMIAZE H 5],
FETH TR TE {1123 541 A Co, 0, LA BAL A MERE (K3 (2)),
HAE 10 mA em H}, SHEAAL 116 mV, 8T
FRER {1 A {112HE A T 9 Co304(172 mV) 51U 2 5
{111} AT HC0o,0, (174 mV), B TR RuO,(100
mV). Co;0, {112}7£100 mA cm “HIHLIRBE T, 1t
AL HR170 mV, JTAK TR RuO,(320 mV), - HA %5 fix
IR Tafel 21 2(47.7 mV dec™"), IXFILE S RS T
HEF ISR MEALEERE. AN, FA MRS T bt
) %5 F-CERTERE AU S (F1S6), 1Bkt a] k3 hit, fi
RN RR A, FRATTHEI S4B [RIBCJE BT, b e
IRIEAE T MY IBREAT A] AT, ARG A A
RARIE. Rz 1 HB-Co(OH) M i 4k 4 ik
Trimfigs R L R Re I, kI 5 U S v
ROV (FEISTRIS). A MIAT HAE I CERIFE 1Y 35 4 L
N, AL Z AT A B IR ASCR, B 2% THEAR Y
e Mk g U0 S TR H 2 B I i
(DEMS) b A0 5 4 S g 1 & AE AR B (513 (c)), Bl

2p.
@) Co40, {112} (b) (€) |co2p 0 e ar A
<o C0,0, {112} Cos0, {112} oot o OO 1007=213 A
_ 0,0, { 3V //'(/"‘-.\Co” Coz'//\ % Co®
- 3 = == : A
3 < Co,0, {112}+{111} : 4
e 8 0% £ Co,0, {112}+{111
- g S U S AA
2 £ 2 — > 4
2 @ 3 S~
£ £ £
8
= A
PDF#97-002-4210 P /A%
N N SowO o —
10 20 30 40 50 60 70 80 800 700 600 500 810 800 790 780
20(°) Wavenumber (cm™) Binding energy (eV)
(d) (e) '€ (f)
ot : Co K-edge Co K-edge
Co,0, {112} o\
: ) prd X >1.24 21 Co-0 Co-Coy
- k7
. -
i Co,0, {112}+{111} £ <
2 S 0.8 =
e ‘AA S T C0-COyq
8 ® X1
£ E
204+
P
P
0.0 " " " . . 0
536 534 532 530 528 526 7700 7720 7740 7760 7780 7800 0 1 2 3 4 5 6
Binding energy (eV) Energy (eV) R(A)

Bl 2 (R RO AL B A5 H 2. R TR 4 T Cos0,BI XR DI (a) FIZL AN GRS Bl (b); Co;04 {112} Co30, {112}+{111}HICo050, {111} Co 2p
(c)F1 O 1s(d)FLIE AIXPS/MIEIE]; Cos0,4 {112} HYCo K-edge XANESK] (o) FIE HL A HEX AFS K (f)

Figure 2 (Color online) Structural characterization of catalysts. XRD (a) and Infrared spectra (b) of Co;0, with different crystal planes; XPS peaks of
Co 2p (c) and O 1s (d) orbitals of Co;04 {112}, Co;0, {112}+{111} and Co;0, {111}; Co K-edge XANES plot (e) and Fourier transform EXAFS plot

(f) of Co;0, {112}
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Figure 3 (Color online) CER performance of Co;0, with different crystal planes. LSV (a) and Tafel (b) curves. DEMS test (c¢) and
chronopotentiometry curve of Co;0, {112} at a current density of 100 mA em™ (d); (e) comparison of catalysts with other papers
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Figure 4 (Color online) CER Mechanism analysis and DFT calculation of Co;0, with different crystal planes. (a) Operando attenuated total
reflectance surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS) measurements of Co;0, {112}; CER Gibbs free energy diagrams of
catalysts with potential of 0 V (b) and 1.36 V (c); (d) at U=0V, the adsorption energy of Co;0, {112} for Cl and OH
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As a crucial chemical, chlorine (Cl,) boasts an annual output exceeding 30 million tons in China, finding extensive
application in the production of plastic monomers such as polyvinyl chloride as well as in water treatment, bleaching, and
fine chemical synthesis. The primary method for producing chlorine involves the electrolysis of saturated brine using ion
exchange membrane electrolyzers within the chlor-alkali industry, where electrochemical chlorine evolution (CER) occurs
at the anode. The dimensionally stable anode (DSA), composed of noble metal oxides, including Ru and Ir, has been the
predominant commercial CER electrode since its development in the mid-1960s owing to its outstanding CER activity/
selectivity and high stability in acidic electrolytes. Nevertheless, the scarcity and high cost of precious metals such as Ru
and Ir necessitate the development of high-performance, non-precious metal-based CER electrocatalysts. Despite this,
research on non-noble metal-based CER catalysts remains limited, primarily because balancing the high activity of CER
with the stability required for the high oxidation potential of acidic electrolytes proves challenging. Recent advancements
have shown that cobalt-based oxides exhibit exceptional acidic oxygen evolution reaction (OER) activity at the anode
during water electrolysis in proton exchange membranes. Given that chlorine and oxygen evolution reactions partially
share an active site—specifically, the metal-oxygen bond serves as an adsorption intermediate for both reactions—it is
theorized that catalysts effective for oxygen evolution may also facilitate chlorine evolution. Consequently, we postulate
that the Co-based material system can serve as an effective CER catalyst. In this study, we use a strategy to enhance the
CER activity and stability of spinel-structured Co;O, by manipulating its crystal planes. In particular, exposure of the
{112} crystal planes is enhanced through low-temperature induction of a-Co(OH), monocrystalline nanosheets. Based on
XPS and other test results, the {112} crystal plane exposes a higher density of octahedral sites (Co,) compared to the more
stable {111} plane. The charge from the oxygen anion is more readily transferred to the metal cation at the octahedral
position, leading to a strong orbital overlap interaction between the oxygen anion and the octahedral cation. This results in a
robust charge transfer capability at the Co, site, thereby enhancing catalytic activity. When tested with 4 mol L™ NaCl
(pH 2) as the electrolyte, the CER overpotential of Co;0, exposed to the {112} crystal plane at a current density of
100 mA cm ™~ is only 170 mV, considerably lower than the 330 mV of Co;0, on the {111} plane and better than the
320 mV of commercial RuO,. In addition, it features the lowest Tafel slope and a Faraday efficiency approaching 100%.
Following a constant current test at 10 mA cm™ for 17 h, the cobalt dissolution was minimal at only 8 ppb (1 ppb=
1 pg L_l), and there was no significant voltage increase during an 8-h galvanostatic test at a current density of
100 mA cm™, indicating excellent stability of the catalyst. Density functional theory (DFT) calculations further
demonstrated that the {112} surface possessed superior adsorption energy for CI". This study provides a new approach for
the rational design of efficient Co-based non-precious-metal CER catalysts by leveraging specific crystal planes.

chlorine evolution reaction, seawater electrolysis, Co;0,, crystal plane effect, non-noble metals
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