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Abstract Electrochemical production of H202 from O; via the two-electron reduction reaction (2e-ORR) is a green and safe
process that is being heavily investigated. Zeolitic imidazolate frameworks (ZIF) as a subclass of metal-organic frameworks
(MOFs) have attracted enormous scientific interests due to their high porosity, excellent mechanical stability, tunable surface
properties, and exceptional chemical and thermal stabilities. Herein, a series of pyrolyzed ZIF catalysts (p-ZIF) were synthe-
sized by treating 2-methylimidazole zinc salt (ZIF-8) at high temperatures (900, 950 and 1000 C). During pyrolysis, zinc
was vaporized, leaving the metal-free nitrogen-doped porous graphitic carbon materials. The effects of the pyrolysis temper-
ature on the structure and catalytic performance of the p-ZIF catalysts in 2e-ORR were systematically studied. In 2e-ORR in
an acidic electrolyte, the p-ZIF catalysts displayed low overpotential, low Tafel slope, and negligible activity loss after 3000
cycles of accelerated durability testing (ADT). In particular, the p-ZIF-950 catalyst possessed the highest H2O: partial current
of 0.185 mA at 0 V vs. RHE, followed by the p-ZIF-900 (0.146 mA) and p-ZIF-1000 (0.135 mA) catalysts. The H202 selec-
tivity over the p-ZIF-950 catalyst was also constantly higher than those over the other two p-ZIF catalysts across the potential
range investigated and maximized at 89.2%. Highly efficient and durable H2O2 production was demonstrated on the
p-ZIF-950 catalyst by the linear accumulation of H202 to 522 mmolege. ! within 6 h, translating to an H2O2 production rate
of 87 mmolegeai '*h™!. The morphology, composition, carbon defect, texture, and surface chemical state were characterized by
techniques such as transmission electron microscopy (TEM), elemental analysis, Raman spectroscopy, N2 physisorption, and
X-ray photoelectron spectroscopy (XPS). The p-ZIF catalysts not only nicely carried over the regular rhombic dodecahedral
morphology of ZIF-8, but also possessed abundant amount of nitrogen, high specific surface area, and hierarchical pore
structure. According to the characterization results, the specific surface area and carbon defect are unlikely the key factors
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that determine the catalytic performance, while the evolutions of the average pore size and surface content of graphitic N
mimicked those of the H20: partial current and selectivity on the p-ZIF catalysts. In light of the literature works, the large
pore size is proposed to facilitate the in-diffusion of Oz and out-diffusion of H2O2, while the graphitic N is able to enhance the
activation of Oz and desorption of H202, both of which are beneficial to the kinetics of the 2e-ORR reaction.

Keywords hydrogen peroxide; ZIF-8; pyrolysis; electrocatalysis; oxygen reduction reaction
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Figure 1 RRDE ORR results of the p-ZIF catalysts in the O,-saturated
0.1 molsL™' HCIO, electrolyte. (a) Linear sweep voltammograms (LSV),
(b) H,0, selectivity and (c) electron transfer number

Reaction conditions: 40 pg of catalyst, scan rate of 10 mVes™', and rotation
speed of 1600 remin~'. The Pt ring was potentiostated at 1.2 V vs. RHE for
H>0, detection
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molsL™! HCIO, electrolyte

Reaction conditions: scan rate of 10 mVes™! and rotation speed of 1600 remin™"
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Figure 3 Stability performance under accelerated durability testing
(ADT) conditions in the O,-saturated 0.1 moleL™' HCIO, electrolyte. (a)
p-ZIF-900, (b) p-ZIF-950, and (c) p-ZIF-1000

Reaction conditions: 40 pg of catalyst and scan rate of 200 mVes™!
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Figure 4 The current (left) and the photometrically determined amount
of H,0, normalized by the mass of the p-ZIF-950 catalyst (right) as a
function of the reaction time

Reaction conditions: catalyst loading of 200 pgecmge, 2, rotation speed of the
working electrode of 1600 remin~', and the working voltage of 0.1 V vs. RHE.
The 0.1 mol-L™! HCIOj electrolyte was continuously bubbled with O,

2.3 fEFISRIE

AHCERE TR, Bl H R 1T =, p-ZIF i
LRI C SR N, O N & & NIZEH (R 1),
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Table 1 The bulk compositions and textural properties of the p-ZIF
catalysts

Bulk composition’(w)/%  Sppr/ meb/ dpmb/

Catalyst ,
o (e

c H o (cmieg™) nm

p-ZIF-900 62.10 3.71 23.12 11.05 870(610)
p-ZIF-950 73.11 3.89 14.42 8.56 913(636)
p-ZIF-1000 83.22 496 6.85 4.94 1190(761)

0.61(032) 56
0.85(0.34) 9.9
0.83(0.41) 5.1

“Determined by elemental analysis; ® Determined by N, physisorption. In the

parenthesis are the specific surface area and volume of the micropores.
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Figure 5 XRD patterns of the p-ZIF catalysts

Kl 6 N p-ZIF fEALTRIIRIE 3 T BB (TEM) R A
Mg E OB X SR AEIEEDS) KM TR . MK
Al WL, p-ZIF 4575 58 S AR T ZIF-8 fIZE I+ — i
RIESR, ULIATE SRR AR REH ZIF-8 IR s
RAPHE. JTEMGER Co N A O SRR T2
A5, FRYE N F O JeZ AT B I B R R AR Ak, 7T LA
BEUHE RIS AR IS, Ny O & RIBHTFEIK,
HEWITRES TSR 2L

Overlapping

B 6 LA TEM B/ A1 EDS J6E& /3 4i. (), (d) p-ZIF-900; (b), (e)
p-ZIF-950; (c), (f) p-ZIF-1000

Figure 6 TEM images and EDS mapping of the C, N, and O elements
on the p-ZIF catalysts. (a), (d) p-ZIF-900; (b), (e) p-ZIF-950; (c), (f)
p-ZIF-1000
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Figure 7 Raman spectra of the p-ZIF catalysts
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tributions of the p-ZIF catalysts
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Figure 9 (a) C 1sand (b) N 1s spectra of the p-ZIF-900, p-ZIF-950, and
p-ZIF-1000 catalysts
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B N S EZHHE M. Hh, G-COF-950 A5k N &%
Ehgr, Hb2e-ORR EALTETE S HoO i FE M thfi iy, 1
TR A SN REWS T o LA R T, SBORSR
Be, MIMIG5E T AHARH a-C JE-F X O2 B R
2e-ORR SR MG T HA251Kk, )5 H IR T5
O, 4, JEHL HOO-. HifF i A LI m ILHEIA 2R 1)
HOO-#: % M1, A HOO, J5#& 5 i 7454613 2
H,0,. Contreras ZEPTU A28 N R4 A A T
H,0, KA HOOKAEMLME, SmAF AN Hy0,
1) 2e-ORR J bz, 1M AFIF2E B HAO [ 4e-ORR S L.
1, p-ZIF HEALF B HaO, 7 i B Ha O i FEE ) 2 7
KA N FRIERMR, Rl HE N SEBRS, B
A HIT AR H0,.

R 2 p-ZIF EALFIZ XPS L4715 21 102 LA R AN 2R 0 & 2R
Eipid

Table 2 Total surface content of nitrogen and the relative fraction of

various surface nitrogen species on the p-ZIF catalysts determined by
XPS

Fraction in surface N Surface

face ..
Pyridinic Pyrrolic Graphitic Oxidic graphitic

N/at%
N N N N/at%

Catalyst

p-ZIF-900  12.0 0.645 0.203  0.119  0.033 1.43
p-ZIF-950 8.5 0.562 0.113 0263  0.062 2.23
p-ZIF-1000 4.7 0414 0255 0.294  0.037 1.38
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K AL EENE 1 p-ZIF HEAL TR HAL S 0E
PERTHFUECSA). CV Lk KA B35 v i 2% i Bl 41
FE R AR 10 Fros. P2 s s B pE A F s R
AL RS LMW E, 133 p-ZIF-900. p-ZIF-950 F
p-ZIF-1000 f#1L711) ECSA {H7r78 19.85. 23.82 fl
1441 mFeem™. EIR p-ZIF-1000 AL AT LR AR &
=, {HI BCSA f/. X0 LUFE FZ A7 <1 nm 1)
WAL Z (B 8 i3k 1), ANFIT HUAR I 1A% i T g, =
AMEALTTIE) ECSA HIIF 5 0 V I =311 H0, 7 i
AR — B IXFpAH KR PER B, p-ZIF AL 1k
2e-ORR  J= N5 P E A AR A A 1 o, i A v P 1
2 SAAE TG T AR AN A

3 4

MR E ZIE-8 #5511 p-ZIF Bi5 20 Rl 2 A B
BEA AR w0 LRI e 2 R fLEE M, T
HEEER. $WIRENS p-ZIF LFIFE 2¢-ORR KM
R AL T PR A R A 3 . ok 950 C R A
fEAF ) p-ZIF-950 Ak FRITE BV A h R I R 4
HIEALTERE, 75 0 V B HoO, 43 R AT LLIA E] 0.184 mA.
16 0~0.5 V PN, H0 EFME AR LR FFTE 80% DL |,
B Al IE 89.2%. AN A I K T H v 3 2R B
P-ZIF-950 A0 TR TE BR 1 H AR A 10 0 135 1 R 0% K BT
(13 I RFE. p-ZIF AL FLAR R A 58 N ST
RE/E M 2L 2e-ORR Ak 14 A ) S B R 5.
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Figure 10 Cyclic voltammograms in the non-Faradic potential region at
varying scan rates of 5, 10, 15, 20, and 25 mVes! in the N,-saturated 0.1
molL™" HCIO, electrolyte for the (a) p-ZIF-900, (c) p-ZIF-950, and (e)
p-ZIF-1000 catalysts. (b), (d), and (f) are the corresponding plots of av-
erage current density vs. scan rate

4 SKIERSY
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THIREE . 2-FF BRIk . FAEE . V,N- - F O P i
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Bodil A Vi 1.069 g Zn(NOs),*6H,0 JEfRAE 12 mL
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FHEEZ S C-min!, fREF 3 h. BEFEIEE 7304 900,
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75 H, FEL I 5 B (PR mAeem ) I R (AL mVes ).
BRI E B PR AE N B A 0.1 moleL™! HCIO,H, BAS.
10 15, 20 f1 25 mVes ' #ZAE 0.70~0.80 V 2 [A] 4T
5, BEITEMIEFELFER CV L. KA iR
W ERE R, N IAERE] Ca, B Caft
# ECSA.

HL AL R R 4 2 mg A7 S 0.3 mL 4l
K+ 0.15 mL FAEE. 0.05 mL 5% Nafion V&R S, &
FEAPEL L he B 10 pL 5 T Bk B A Ak b, SR AR T
fi.

iz N e R R = R ) e X - /N
CHI760E A! B4k % TAF 3k L & PINE A 5] AFMSRCE %Y
WERe e B, R = Ak R0 AR ORR MR
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