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1. Introduction

Metal—-organic frameworks for electrocatalytic
hydrogen peroxide production

Xinchan Zhang, Chaogi Zhang, Chengzhong Yu 2 * and Chao Liu (= *

The electrocatalytic two electron oxygen reduction reaction (2e-ORR) has aroused extensive attention
as a promising alternative route to the prevailing anthraquinone process for H,O, production, where the
design of efficient electrocatalysts with high activity, high selectivity and a high H,O, production rate is
the key. Metal-organic frameworks are an emerging class of crystalline porous materials with a high
specific surface area, ease of structural control, and evenly distributed and well-defined metal sites.
These remarkable features provide MOFs with great potential as high-performance electrocatalysts.
To date, several excellent reviews of MOF-based electrocatalysts have been reported in the fields of
4e-ORR, oxygen evolution reaction, hydrogen evolution reaction, CO, reduction reaction and nitrogen
reduction reaction. However, a dedicated review of 2e-ORRs is still lacking. In this review, we provide
an overview of the recent advances in the design of MOF-based 2e-ORR electrocatalysts for H,O,
production. The electrocatalytic mechanism and performance evaluation methods of the 2e-ORR is
firstly introduced. Then, MOF-based 2e-ORR electrocatalysts including pristine MOFs, MOF composites
and MOF derivatives are summarized with the structure—property relationships elucidated. Finally,
some current challenges and future perspectives are discussed for the further development of this
emerging field.

requires large-scale infrastructures, complex operations, high
storage and transportation costs, and generates substantial

Hydrogen peroxide (H,0,) is a versatile and ecofriendly oxidant
with a wide range of applications in textile bleaching,’
wastewater purification,>® disinfection,” chemical synthesis®
and fuel cells.® Currently, the anthraquinone process is pre-
dominately used for the industrial production of H,0,,” which
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hazardous waste products. The direct synthesis of H,0, from
hydrogen and oxygen offers a more straightforward route.®° In
this process, high temperature and pressure, and noble-metal
catalysts are required, which create a serious explosion risk,
limiting its practical application.'® As a promising alternative to
the prevailing anthraquinone method and direct synthesis
process, the electrochemical two-electron oxygen reduction
reaction (2e-ORR) using O, and H,O as raw materials has
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attracted rapidly increasing attention for decentralized H,O,
production due to the advantages of mild reaction conditions,
easy operation and environmental friendliness.’*** The key to
success for the 2e-ORR is the design and synthesis of highly
efficient electrocatalysts, which selectively reduce O, into H,0,,
rather than H,O via the competitive 4e-ORR pathway.

Recent extensive studies have led to the discovery of various
2e-ORR electrocatalysts including noble metals and their
alloys," carbon materials,"*"” single atom catalysts,' transition-
metal compounds and metal-organic frameworks.'” Noble metals
are generally high-performing with a small overpotential and high
selectivity for the 2e-ORR,'® however, their scarcity and high cost
prevent their large-scale application.'® In carbon-based materials
with a high abundance and low cost, the activity is mainly
stemmed from defect engineering and heteroatom doping, where
the task specific structure design with atomic precision is
difficult.° Different from carbon-based materials, transition metal
compounds exhibit easily identifiable and controllable active
sites.”! Nevertheless, the agglomerate form with a low surface area
and poor porosity limits the accessibility and utilization of internal
active sites.”> Even the construction of isolated sites can signifi-
cantly improve the atomic utilization and 2e-ORR selectivity, and
the content of active phases in most single-atom catalysts is
extremely low with an unsatisfactory H,O, yield.

Metal-organic frameworks (MOF), composed of metal ions/
clusters and organic ligands, are an important class of crystalline
porous materials with remarkable features including a large
specific surface area, regular and controllable pore structures,
and diversity in chemical compositions and functionality.”*">
The uniformly distributed and precisely determined metal
centers are separated by ligands, making MOFs intrinsically®’
“single-atom’ catalysts with high-content isolated active centers.
The chemical reaction environments and electronic structures of
active centers can be rationally customized for specific applica-
tions by changing the types of ligands and/or metal node.”®**° The
high porosity further promotes the exposure and accessibility of
active sites and accelerates the mass transfer within the network
of MOFs.>**! In addition, the hybridization of other functional
materials with MOFs results in multifunctional composite
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materials with integrated properties. When used as sacrificial
templates, MOFs can also be converted into various nanostruc-
tures including porous carbon,** metal compounds,*® and their
composites, generally with enhanced stability and conductivity.
In view of these unique merits, MOF-based materials have
emerged as promising 2e-ORR electrocatalysts for H,O, production.

For MOF-based electrocatalysts, several excellent reviews
have been contributed regarding the 4e-ORR,** oxygen evolu-
tion reaction,®® hydrogen evolution reaction,*® electrochemical
CO, reduction reaction®” and nitrogen reduction reaction.*®
However, a review of MOF-based electrocatalysts dedicated
to the 2e-ORR is still lacking. Considering the impressive
advances in this emerging but fast-growing field over the past
few years, a timely review on the design and application of
MOF-based 2e-ORR electrocatalysts for H,O, production is of
great significance and is highly desired.

In this review, an overview on the latest progress of MOF-
based electrocatalysts for the 2e-ORR toward H,0O, production
is provided (Scheme 1). Firstly, the catalytic mechanisms of the
2e-ORR with existing methods for performance evaluation will
be briefly introduced. Secondly, particular attention will be paid to
the construction of MOF-based 2e-ORR materials including pris-
tine MOFs, MOF composites and MOF derivatives, with the design
principles and structure-property relationship highlighted. Lastly,
a discussion on the challenges and prospects of the design and
application of MOFs for H,0, electrosynthesis will be presented,
aiming to stimulate widespread interest in further development of
MOFs for H,0, production.

2. Catalytic mechanism and methods
for performance evaluation of the
2e-ORR

2.1 Catalytic mechanism of the 2e-ORR

The oxygen reduction reaction involves a multi-step electron
transfer process with two kinds of reaction pathways. The first
is the long-standing 4e™ electrochemical reduction of O, into
H,O under acid/neutral conditions (eqn (1a)-eqn (1d)) or OH™
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Scheme 1 An overview of the structures and applications of MOF-based
2e-ORR electrocatalysts.

under alkaline conditions (eqn (2a)-eqn (2d)), comprising four
elementary steps with three reaction intermediates of *OOH,
*0 and *OH.*° The 2e-associative pathway, relating to O,
reduction into H,0, under acid/neutral conditions (eqn (3a)-
eqn (3c)) or OOH™ under alkaline conditions (eqn (4a)-
eqn (4c)), experiences two coupled electron-proton transfer
steps with only one reaction intermediate (OOH¥).*>*!
Scheme 2 shows a schematic diagram of the ORR mechanism.
Once the OOH* species are formed, there are three possible
subsequent pathways: (1) desorption into the electrolyte as the
final product; (2) further reduction into OH™ via O-O bond
cleavage; and (3) chemical decomposition into O, and OH .
Due to the thermodynamic preference for H,O as the end
product, the selectivity of the 2e” pathway over the catalysts
for H,0, synthesis is a great challenge.**
4e-ORR under acidic/neutral conditions (pH < 7):

0, +4H" +e7) » 2H,0 E’=1.23 eVvs. RHE (l1a)

%
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Scheme 2 Schematic diagram of the ORR mechanism.
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*+0,+(H" +e7) > OOH* (1b)
OOH* + (H" + e”) —» H,0 + O* (1c)
O* + (H" +e”) -» OH* (1d)

4e-ORR under alkaline conditions (pH > 7):

0, + 2H,0 + 4e~ — 40H  E°=0.4009 eV  (2a)

2* + 0, — 20* (2b)
20* + 2H,0 + 2¢~ — 20H™ + 20H* (2¢)
20H* + 2¢~ — 20H™ +2* (2d)

2e-ORR under acidic/neutral conditions (pH < 7):
0, +2(H"+e”) - H,0, E’=0.7eVvs. RHE (3a)
*+0,+(H +e) - OOH* (3b)
OOH*+ (H" + e7) —» H,0, + * (3¢)

2e-ORR under alkaline conditions (pH > 7):

O, + H,O +2e” —» HO, + OH™ (4a)
*+ 0, + HyO + e~ —» OOH* + OH™ (4b)
OOH* + e~ — HO, +* (4c)

Toward a high 2e-selectivity, the customized adsorption
mode of O, is crucial. Generally, the ‘end-on’ adsorption mode
favors the 2e-ORR pathway by restricting the cleavage of the
0-0 bond. In contrast, the ‘side-on’ adsorption configuration
can promote the breaking of O-O bonds through the coopera-
tion of neighboring active sites, inducing a 4e-process.*>**
Moreover, the absorption strength of OOH* on active sites
should be appropriate, neither too strong nor too weak.*’
In the case of a too weak interaction, O, protonation and the
formation of an OOH* intermediate is prevented, resulting in
limited activity and selectivity. However, a too strong inter-
action is conducive for the competitive 4e-ORR. Furthermore,
the protonation of O, and desorption of H,O, can also regulate
the 2e-ORR activity and selectivity. For example, the latest
advance showed that the participation of water could facilitate
the protonation of OOH* as the proton source in alkaline
electrolyte and further promote the leave of H,0,, leading to
higher 2e-ORR selectivity and H,0, yield.*®

2.2 Methods for the performance evaluation of 2e-ORR

The performance evaluation of 2e-ORR activity and selectivity
in laboratory research relies on the rotating-ring disk electrode
(RRDE) technique. During the RRDE test, an oxygen reduction
reaction first occurs at the catalyst-coated disk electrode to
generate both H,0, and H,O. Under the convection forces from
the rotation of the electrode, the H,0, is diffused to the ring
electrode and subsequently oxidized back to O,. By analysing
the currents of the disk (/) and ring (I) electrodes, the
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2e-selectivity towards H,O, can be assessed using the equation:

2001,

H,0,% = ——+
202% (N x Ig+1y)

From the LSV (linear sweep voltammetry) curves, the onset
potential that represents the lowest potential to drive the
ORR and overpotential that refers to the difference between
theoretical thermodynamic potential and the potential reach-
ing a given current can also be determined. If the overpotential
is close to zero, sometimes it is called the ‘zero over-
potential’.47,48 The electron transfer number () can also be
calculated using the equation:*°

I’l*4><[d
"L xN

where N is the current collection efficiency of the Pt ring
electrode.

The H,0, production faradaic efficiency (FE) can be calcu-
lated by dividing the charge transferred to the produced H,0,
by the total charge passed through the circuit using the
equation:*°

2xCxVxF
0

Here, C is the H,0, concentration (mol L"), V means the
volume of electrolyte (L), F represents the Faraday constant
(96485 C mol ™), and Q is the amount of charge passed (C).
As a key indicator of reaction kinetics, the Tafel slope can
also be calculated according to LSV curves using the equation:

HzOzZFE =

. log jo
n=a+ blog(j) (a = 2.303RTW>

where b refers to the Tafel slope, j is the current density, R
denotes the ideal gas constant, T is the absolute temperature,
Jo represents the exchange current density, F stands for the
Faraday constant and « means the charge transfer coefficient.

To determine the production rate of H,O,, an H-type elec-
trolytic cell is usually used and the concentration of H,O, in the
reaction solution can be measured using the most widely used
cerium sulfate Ce(SO,), titration method. The mechanism is
that the yellow solution of Ce** can be reduced to colorless Ce**
by H,0,:

2Ce*" + H,0, — 2Ce*" + 2H" + 0,

The Ce*" concentration can be determined by ultraviolet-
visible spectroscopy at usually 316 nm. The concentration of
C(H,0,) can thus be calculated using the following equation:

C(H,0,) = 2C(Ce™)

where C(Ce"") refers to the moles of consumed Ce*".
Additionally, the iodometric titration method is also useful
for determining the concentration of H,0O,. A typical protocol is
that a certain amount of the reaction solution obtained from
the electrochemical system is added to a mixture of potassium
hydrogen phthalate (CgH;KO,) and potassium iodide (KI)

View Article Online
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aqueous solution. The mixed solution is allowed to react for
30 minutes, where the H,0, molecules react with I" to produce
I;~ using the following equation:

H,0, +I~ - I’ + H,0

The amount of I3~ was measured by ultraviolet-visible
spectroscopy or a microplate reader under the wavelength of
350 nm. The concentration of H,0, can be determined using
the following equation:**

C(H,0,) = C(I37)

where C(I; ™) represents the quantity of I;~ consumed in moles.

Titanium salt colorimetry is another effective method for
H,0, detection.® Typically, a TiO** ion solution is prepared by
dissolving titanium dioxide and ammonium sulfate in concen-
trated sulfuric acid. Then, the H,0, contained electrolyte is
added into the above TiO*" ion solution. After reaction for 10 min,
the H,0, molecules oxidize the colourless TiO** ions into yellow
[TiO(H,0,)]*" ions. The concentration of [TiO(H,O0,)]*" ions can be
measured by ultraviolet-visible spectroscopy at 430 nm for quanti-
fication of H,O,.

The stability of an electrocatalyst can be evaluated using two
common approaches, including chronoamperometry (I-¢ curve
at a constant potential) and chronopotentiometry (E-¢ curve at a
fixed current density). For 2e-ORRs, high stability is reflected by
a consistent current density at a fixed potential through chron-
oamperometry or negligible overpotential increase at a fixed
current density by chronopotentiometry.

3. MOF-based 2e-ORR
electrocatalysts
3.1 Pristine MOFs

3.1.1 Monometallic MOFs. Given the aforementioned
structural advantages, pristine MOFs have shown great potential
as 2e-ORR electrocatalysts. To achieve high performance, the
current efforts have been mainly devoted to the electronic struc-
ture regulation of MOFs via metal doping, ligand design, defect
engineering and facet control to selectively reduce O, into
H,0,.°>*! Furthermore, the nanostructure design that may greatly
affect the active site accessibility, and electron and mass transfer
is also crucial.

For example, Ren and co-workers explored the ORR perfor-
mance of Prussian blue analogues (PBAs) with different metal
centers including Co, Ni, Zn, and Cu (Fig. 1(a)).”* The transmis-
sion electron microscope (TEM) images of Zn-PBAs as a typical
sample showed porous structures with a lattice space of 2.4 A
assigned to the (420) planes (Fig. 1(b) and (c)). Among all
samples, Zn-PBAs exhibited the best 2e-ORR performance with
an average electron-transfer number of 2.3-2.5 and a H,0,
selectivity of 88% at 0 V vs. RHE (Fig. 1(d) and (e)). Density
functional theory (DFT) calculations indicated the energetically
unfavorable formation of O* on the Zn site with a prevented 4e™
but preferred 2e” pathway (Fig. 1(f)).
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(a) lllustration of the M-PBA structure. (b) and (c) TEM images of the Zn-PBA catalysts. (d) LSV curves, (e) selectivity of Zn-PBA, and (f) free-energy

diagrams for the ORR on Zn-PBA. Copyright 2022, American Chemical Society.

Except for the types of metal centers, the design of unsatu-
rated coordinated metal sites (UCMSs) in MOFs for the 2e-ORR
was reported by Huang and co-workers.'® In their work, a novel
liquid-liquid interfacial reaction method was developed for the
synthesis of 2D (two dimension) Ni MOF NSs using terephthalic
acid (1,4-H,BDC) as the ligand and Ni** as metal ions (Fig. 2(a)).
The amounts of UCMSs were precisely tuned via simply chan-
ging the ratios of metal precursors and organic linkers (Ry)
from 2, 4, and 6 to 8, and the corresponding samples were
denoted as Ni MOF NS-2, 4, 6 and 8, respectively. All the
materials possessed a 2D nanosheet structure with a

(b) (©) ®
o +
= 1
Saturated Mostly saturated
(e) (d)
o & 2, ®

> X >

M @ Ni(Ac), 1, 4-H,BDC
.A‘ “ MOF NSs
Partially destroyed Partially unsaturated

Fig. 2

parallelogram-like shape (Fig. 2(b) and (c)). The lateral dimen-
sions and thickness were measured to be ~200-450 and 5 nm,
respectively. The electrochemical results (Fig. 2(d) and (e))
showed that the selectivity of H,0, increased first and then
decreased with the increase of Ry, with the contrary trend of
electron transfer number (Fig. 2(f)). Ni MOF NS-6 with the Ry,
of 6 exhibited the most positive near-zero overpotential, H,O,
selectivity of 98% and H,0, production rate of 80 mmol g.,, " h™*
in 0.1 M KOH. The X-ray absorption fine structure (XAFS)
spectroscopy displayed the highest Ni**/Ni*" atomic ratio in
Ni MOF NS-6 among all samples, which was beneficial to the
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(a) lllustration of the synthetic method for Ni MOF NSs. (b) TEM and (c) AFM images of Ni-MOF NS-6. (d) LSV curves and (e) H,O; selectivity. (f) The

number of electrons transferred (n) and the Faraday efficiency. (g) XANES spectra for Ni MOF NS-2, 4, 6, 8, NiO and Ni foil. (h) The atomic content of Ni%*
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formation of OOH*(Fig. 2(g) and (h)). Together with the highest
micropore volume that is conducive for mass diffusion, an
enhanced 2e-ORR performance of Ni MOF NS-6 was achieved.

Beyond traditional MOFs with low conductivity, the emer-
ging conductive metal-organic frameworks (¢cMOFs) with a
n-conjugated structure and enhanced conductivity have also
been utilized as 2e-ORR electrocatalysts. For instance, Sun et al.
compared the 2e-ORR performances of several typical conduc-
tive MOFs with different metal centers (Ni or Cu) and oxidative
organic linkers HHTP or HITP (HHTP = 2,3,6,7,10,11-tri-
phenylenehexol or HITP = 2,3,6,7,10,11-hexaaminotriphenylen).>?
As shown in Fig. 3(a), the optimized sample of Cu-HHTP exhibited
a nanorod-like morphology with a length of ~100 nm.
An excellent 2e-ORR performance with a high H,0, selectivity
of 95% and superior H,0, yield rate of 792.7 mmol g, * h™*
was delivered by Cu-HHTP in 0.1 M KOH (Fig. 3(b)-(d)), out-
performing Cu-HITP (71%, ~293.2 mmol g.. " h™') and
Ni-HITP (39%, ~157.3 mmol g.,. " h™"). To explore the origin
of the enhanced performance, in situ XAFS measurement was
performed. In Cu-HHTP, the dynamic coupling of hydroxyl
groups over Cu sites could effectively induce the self-
polarization of the m-conjugated metal-ligand Cu-O-C site
(Fig. 3(e)—(f)), facilitating the generation of the key immediate
of OOH*. The dynamic process of the self-polarization and the
evolution of Cu sites is depicted in Fig. 3(g).

Furthermore, the confinement of halogen anions into the
nanocavity of cMOF was reported to enhance the H,0, selectivity
by Liu and colleagues.>® Through the introduction of various
ammonium halides during the solvothermal reaction process,
X-Ni MOFs (X = F, Cl, Br, or I) with a microfold flower-like
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structure were synthesized through a facile ion confinement
strategy. Compared to other halogen anion (i.e. F, Cl and I)
modified samples, the Br-Ni MOF delivered better 2e-ORR
performances with a selectivity of 90%, a H,O, faradaic effi-
ciency (FE) of 86% and a H,0, yield rate of 596 mmol g., " h™.
The enhanced performance was ascribed to the inhibited dis-
sociation of critical *OOH intermediates by introducing Br, as
evidenced by the operando XAFS and Fourier transform infrared
(FTIR) spectra.

Considering the instability of H,O, under alkaline conditions,
the production of H,0, in neutral or acidic solution is desired.
Within this context, Dominic Ross et al.”” prepared a 2D-MOF,
NizHAB, (HAB = hexaaminobenzene) for H,0, production in
0.1 M PBS (pH = 6.5-6.6) with a selectivity of 90% and H,0,
yield of 662 ppm (Fig. 4(a)). Operando XAS (X-ray absorption
spectra) suggested that the charging of HAB induced a dynamic
Ni oxidation state under an Ar atmosphere, while under O,-
saturated conditions, the structure of NisHAB, slightly changed
with oxygen-containing species strongly adsorbed at potentials
more negative than the reduction potential of HAB (E;cqox Of
~0.3 V vs. RHE) (Fig. 4(b)). The authors hypothesized that a
2e-ORR dominant mechanism took place on HAB when
E > Eredox, but H,O, production could also be triggered by
Ni-mediated linker discharge when E < Eeq0x (Fig. 4(c)).

Aside from common Ni-based MOFs, Dong et al.’® designed
two-dimensionally layered conductive Mg;(HITP), using a solvo-
thermal process (Fig. 5(a)), exhibiting a 2D regular hexagonal
structure with a pore size of 2.25 nm (Fig. 5(b)). The near zero
ELF values of the Mg atom revealed the existence of ionic
bonding in Mg-N bonds. The (II) valence Mg active site with a

c 100

Selectivity ( % )

(0]
Ni-HITP Cu-HITP Cu-HHTP

G

150

d by e Ni-HITP *
2 u Cu-HITP
T 100{ % Cu-HHTP *
S *
g .
€ 50 *
g .t
[ - °
3 anl¥ o °
& L]
S [E ]
ob = 0 10 20 30 40 50 60
’ (eVA nn Time (min)
-0.1 e ® " Cu K-edge
< !
£ s Cu-OJ'
% 02 E AL
3 = ARES
) T _-~—— Exsitu
03 Ni-HITP = —— Potential free
——Cu-HITP
—— Cu-HHTP
0.4
0.2 04 06 0.8 )
Potential ( V vs. RHE ) 0 2 4 6

R (A)

! AY
Ex situ 1 I
. 1
fit : |
IS \ 1 1
I g 1
5 SN s N P

P L G ~
] %o |
1
. — Potential free : 1
— Yf '\“ fit 1 J/ y I
o 7\ 1 :
g/ e | \Poentafree !
= e shrinkage \I
',:’“ —0.66V ; 1
/A fit 1 3 ) :
II’I ‘\‘ : .' - 1
/ RRED 066V = !
,/ ____________ it \
1 ‘ :J C [}
—— 046V | 1
fit I 2e :
| @ |
S RAA 1046 V )

0 2 4 6 TTTTTTTTTTTT
R (A) HO cO 0@ cu®

Fig. 3 (a) TEM image of Cu-HHTP. (b) LSV curves. (c) H,O, selectivity and the electron transfer number of Ni-HITP, Cu-HITP and Cu-HHTP.
(d) Cumulative H,O, yield. (e) FT-XAFS curves for Cu-HHTP. (f) The FT-XAFS fitting results of Cu-HHTP. (g) Scheme of the proposed 2e ORR mechanism

for Cu-HHTP. Copyright 2022, Elsevier.
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highly positive charge and low oxygen affinity could promote the
adsorption of OOH*, resulting in 2e-ORR being the dominant
reaction pathway (Fig. 5(f)-(h)). Additionally, the n-n stacking
between organic moieties and conductive electrolyte ions
enabled the fast charge transportation between layers. As a

j(mAcm?)

Fig. 5

consequence, the Mg;(HITP), demonstrated a high selectivity
of >90%, a H,0, yield up to 3400 ppm and excellent stability
in 0.1 M PBS (Fig. 5(c)-(e)). In situ spectroscopic further
suggested the formation of key intermediate OOH* on the
Mg”" active site.
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3.1.2 Bimetallic MOFs. Compared to the aforementioned
mono-metal MOFs, the construction of bimetallic MOFs can
further improve the 2e-ORR performance with a modulated
electronic structure through the synergistic effect of different
metals. As a typical example, Liu et al.”” reported the synthesis
of a series of cMOFs with Ni-M (M = Co, Cu, Zn) bimetal centers
as 2e-ORR electrocatalysts. Among them, NiZn MOF with a
nanosheet assembled structure (Fig. 6(a)) exhibited the best
2e-ORR performance with a selectivity of up to 90% in the
2e-ORR process, higher than that of the NiCo (45%) and NiCu
(55%) counterparts (Fig. 6(b) and (c)). Synchrotron radiation-
FTIR (SR-FTIR) spectroscopy was used to show that the NiZn
MOF with dominant Ni*" could effectively enhance and stabi-
lize the absorption of crucial *OOH intermediates on its active
sites (Fig. 6(d)-(f)) and XAFS observations verified that the
electron interactions between the Ni 3d orbital and the Zn**
ions connected by HITP ligands promoted the oxidation of Ni
from +2 to +2 + J) (0 < J < 1), enabling an appropriate
adsorption energy of *OOH intermediates for promoting the
2e-ORR (Fig. 6(g)-(1)).

Except for only adjusting the metal centers, Zhang and
co-workers*® have simultaneously manipulated the structure
of MOFs at both the atomic and nano-scale to further improve
the catalytic performance using the well-known ZnCo-ZIF
as a model catalyst. The electronic structure of Co centers

View Article Online
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was precisely adjusted by altering the molar ratio of Zn/Co with
the exposed facets controlled by using cetyltrimethylammo-
nium bromide (CTAB) as a modulator (Fig. 7(a)). With the
increase of Zn/Co, the selectivity of H,0, first increased and
then decreased for the (001) dominated ZnCo-ZIF nanocube
(Fig. 7(b)). The optimized sample with the Zn/Co ratio of
9/1 (ZnCo-ZIF-C;) exhibited a satisfactory 2e-ORR catalytic
performance, with a selectivity of ~100%, H,O, yield of
4.35 mol g. ' h™' and FE of ~95% in 0.1 M KOH. When
used in 0.1 M PBS, a high selectivity of 92%, FE of ~90%
and H,0, yield of 3.8 mol g.,. " h™"' were also delivered by
ZnCo-ZIF-C; (Fig. 7(c) and (d)). Compared to the (110) exposed
ZnCo-ZIF-R;, ZnCo-ZIF-C; showed significantly enhanced per-
formances. The experimental and theoretical results indicated
that the Zn doping triggered the electron insufficient state of
the Co center toward the optimized adsorption ability of the
OOH* intermediate, leading to the high selectivity (Fig. 7(e)).
Moreover, a unique role of water binding to Co acting as a
“nucleophile” during the 2e-ORR process was unveiled, which
promoted the protonation of OOH* and desorption of HOOH
(Fig. 7(0)-(1))-

Even though great advances have been achieved in pristine
MOF-based 2e-ORR electrocatalysts, their relatively low stabi-
lity, poor conductivity and micropore-dominated structure
seriously hinder their further development. Therefore,
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(a) Illustration of (a) ZnCo-ZIF based 2e-ORR electrocatalysts with different Zn/Co ratios and crystal facet exposure. (b) SEM image of ZnCo-ZIF-

Cs. (c) H,O, production rate of all samples in 0.1 M PBS. (d) H,O, production rate of all samples in 0.1 M KOH. (e) Relationship between selectivity and d-
band center for different catalysts. (f), (g) free energy profiles of the ORR reaction path on ZnCo-ZIF-Cz and ZIF-67, and (h), (i) optimized structures of the
reaction intermediates on the ZIF-67 (001) surface, and the ZnCo-ZIF-C3 (001) surface. Copyright 2023, American Chemical Society.

elaborate structural design of pristine MOF-based 2e-ORR
electrocatalysts to increase the bonding strength of metal-ligand
coordination, introduce conducting units and create meso/macro-
pores deserves significant research efforts.

3.2 MOF composites

Beyond single-component pristine MOFs, the construction of
MOF composites by integrating MOFs with other functional
materials is an efficient strategy to further improve the proper-
ties of MOFs. Even though MOF composites have been inves-
tigated in widespread applications and shown enhanced
performances such as in the 4e-oxygen reduction reaction,?
hydrogen evolution reaction®® and oxygen evolution reaction,>
their application in the 2e-ORR is much rarer.

One typical example is the combination of CoTCPP
(5,10,15,20-tetrakis-(4-carboxlatophenyl)-porphyrin-cobalt(ir)
chloride) with different GO (graphene oxide) supporters used
in the 2e-ORR for H,0, production.®® Graphene as an effective
supporter could disperse the electron state of the active center in
COTCPP, facilitating the electron migration and adsorption of
oxygen containing species. As a consequence, MOF@NG’ exhib-
ited superior 2e-ORR performance, with an electron transfer

number of 2.24, low Tafel slope of 58 mV dec™ ' and FE of 93.4%
in 0.5 M H,SO,.

More recently, Wang et al.®' reported a MZIF8/graphite felt
support (GF) composite (denoted as MGF) for the 2e-ORR using
a microwave assisted route (Fig. 8(a)). Ultra-tiny MZIF8 particles
with a diameter of 20 nm were evenly dispersed on the surface
of GF (Fig. 8(b) and (c)). X-ray photoelectron spectroscopy (XPS)
measurements indicated the formation of N-Zn-O bonds
between two components (Fig. 8(d)—(f)). Thanks to the facili-
tated adsorption of oxygen and water on the N-Zn-O active
sites at a mild hydrophobic interface and microporous struc-
ture with facilitated reactant/product diffusion, high 2e™ selec-
tivities of 95% and 90% were achieved in 0.1 M KOH and 0.5 M
Na,S0,, respectively, with the H,O, yield increased by 191%
compared to the sample prepared through self-growth of MZIF8
on GF (Fig. 8(g) and (h)).

The combination of MOFs and other functional materials
provides MOF composites with enhanced conductivity and
stability. Moreover, the synergism between different compo-
nents offers additional physicochemical properties compared
to individual components, resulting in higher activity and
selectivity. Considering the huge number of MOFs and other
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functional materials, the development of MOF composite-
based 2e-ORR electrocatalysts is still in its infancy.

3.3 MOF derivatives

Except for the direct use with or with combining other materials,
MOFs can also serve as fascinating precursors/templates for
fabricating derived functional materials including carbon, metal
compounds and their hybrid materials via thermal and/or
chemical treatments. Compared to pristine MOFs, MOF deriva-
tives generally exhibit the advantages of high chemical stability
and electronic conductivity, which are conducive to the 2e-ORR
process. For instance, Liu and co-workers®® reported MOF
derived hierarchically porous carbon (HPC) with a high content
of defects and sp>-C, which can act as active sites for the
absorption of OOH*, showing an excellent selectivity of 95%
and a high H,0, yield of 395.7 mol g, * h™". Through further
incorporation of different heteroatoms into the carbon-based
materials, the induced charge redistribution could produce
more active sites.®* Zhao et al®* synthesized F-doped porous
carbon (FPC) by carbonization of MIL-53 (Al). Through systema-
tic studies, it was found that the appropriate incorporation of F
atoms into the carbon structure could optimize the active sites,
and enhance the electrochemical activity and charge transfer,
resulting in an improvement in the 2e-ORR performance.
Compared to pure porous carbon materials, metal-doped carbon

materials have attracted more interest in the field of 2e-ORRs,
in which metal atoms can be effectively dispersed onto the
porous carbon substrates as highly active sites.®>® For example,
Jia et al®” explored the 2e-ORR performances of metal/carbon
electrocatalysts by using two MOFs with the same metal ion
(zn*") but different organic linkers, BDC or NH,-BDC (BDC =
1,4-dicarboxybenzene or NH,-BDC = 2-aminoterephthalic acid,
Fig. 9(a)).

After heating under an argon atmosphere, most of the Zn
in MOFs was evaporated, forming the nanosheet morphology
(Fig. 9(b)). The active sites were characterized using Fourier-
transformed (FT) curves (denoted as ZnO3;C or ZnN,). The FT
curves revealed two different coordination environments and
the active sites of the Zn-N and Zn-O bonds (Fig. 9(f)). Based on
the DFT calculations, the reduced electron density around Zn in
ZnO;C led to a lower d-band center than ZnN,, altering
the intermediate adsorption and offering a high selectivity
toward the 2e-ORR (Fig. 9(g) and (h)). Therefore, the ZnO;C
showed a superior performance, with a near zero overpotential
and Faraday efficiency of 90%. The H,O, yield of about
350 mmol g., ' h™' in 0.1 M KOH was 3.5 times higher than
Zn-N, (Fig. 9(c)-(e))

As a subclass of MOF, zeolitic imidazolate frameworks (ZIF)
with a high N content are ideal precursors to synthesize various
sing atom catalysts (SACs). For example, Wang et al. developed
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a MOF-engaged strategy to construct Pd SACs by directly pyro-
lyzing Pd doped ZIF-8 with different Pd/Zn ratios.®® The opti-
mized sample with a Pd/Zn mass ratio of 0.157 : 1 exhibited the
best 2e-ORR performance with a selectivity of ~95%, onset
potential of ~0.8 V and H,0, production of ~30 mmol g, *h™*
in 0.1 M KOH. DFT calculations demonstrated that the active site
Pd-N, was more favorable for the *-O bond breaking, resulting in
the high performance. More recently, Wei and colleagues synthe-
sized a SAC-based 2e-ORR electrocatalyst with an ultrahigh-
loading Zn-N;O SAC amount of 11.34 wt% by using ZIF-8
modified Zn** containing polypyrrole (PPy) as the precursors.®
The unsymmetrical coordination environment of Zn-N;O active
sites was proved to modulate the charge redistribution toward the
promoted absorption and desorption of intermediates OOH*,
thus enhancing the 2e-ORR selectivity and activity. As a result,
the excellent H,O, performance with a selectivity of nearly 100%,
high production of 248 mmol g.,. * h™" and good stability was
achieved.

Apart from carbon materials, MOF-derived transition metal
chalcogenides (TMCs) have been demonstrated to be a pro-
mising type of 2e-ORR electrocatalyst. In 2022, Zhang et al.”"
reported a titanium-doped zinc-cobalt sulfide hollow super-
structure (Ti-ZnCoS HSS) as an efficient 2e-ORR electrocatalyst
by using a MOF-on-MOF heterostructure as the precursor.
Specifically, a core-shell NH,-MIL-125@ZnCo-ZIF hybrid MOF

1094 | Mater. Chem. Front., 2024, 8,1084-1100  This journal is © Th

was fabricated by growing ZnCo-ZIF nanocrystals on the surface
of NH,-MIL-125 (Fig. 10(a)). Through a subsequent sulfidation
process, Ti-ZnCoS HSS was obtained, exhibiting an intricate
hollow-on-hollow superstructure with small nanocages assembled
around a large cake-like cavity (Fig. 10(b) and 10(c)). For compar-
ison, ZnS, CoSx, ZnCoS and Ti-ZnCoS hollow particles were also
prepared. Among these samples, Ti-ZnCoS HSS showed superior
2e-ORR performance with a high selectivity of ~98%, excellent
activity (potential at 1 mA cm™2 of 0.774 V) and H,0, production
rate of 675 mmol h™" g.,. ' in 0.1 M KOH (Fig. 10(d) and (e)).
Based on the valence band spectra test and DFT simulation, it was
found that the polymetallic doping could alter the d-band center
toward an optimized adsorption capability of OOH* intermedi-
ates, which is further evidenced by the volcano-type curve between
selectivity and d band center value (Fig. 10(f) and (g)). Addition-
ally, the hollow superstructure gave the electrocatalyst more
abundant active sites and accelerated mass and electron transfer.
By means of the synergistic d band center and superstructure
engineering, the 2e-ORR performance was significantly improved
(Fig. 10(h) and (i)).

The complete decomposition of MOFs into carbon materials
or metal sulphides often leads to the serious destruction of
MOFs with their intrinsic structural advantages sacrificed.””
Recently, a partially controlled pyrolysis strategy was developed
for partial conversion of the metal ions into functional objects

e Royal Society of Chemistry and the Chinese Chemical Society 2024
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with the crystalline framework of MOFs partially retained by care- Huang et al.”® reported the synthesis a series of MOF derivatives
fully controlling the thermal treatment conditions. For instance, (MOF NSs-T, T = temperature) by using NiFe-BDC nanosheets as
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Fig. 11 (a) Schematic of the fabrication process of partially pyrolyzed MOF NSs. (b) TEM image of MOF NSs-300. (c) LSV curves of MOF NSs, MOF NSs-
250, MOF NSs-300, and MOF NSs-350 in 0.1 M KOH. (d, e) Selectivity and FE% for different products in 0.1 M KOH. Wavelet transforms for the
k*-weighted Ni K-edge EXAFS signals of NiO (f), MOF NSs (g), and MOF NSs-300 (h). Copyright 2020, WILEY-VCH.
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Table 1 Summary of the synthesis strategies and 2e-ORR performances of MOF-based electrocatalysts

Sample Synthesis method Selectivity (%)  Productivity (mol g, * h™')  Electrolyte Ref.
Zn-PBA Solution precipitation 88 — 0.1 M KOH 52
Ni MOF NSs Liquid-liquid interfacial reaction 98 0.08 0.1 M KOH 16
Cu-HHTP Solvothermal method 95 0.79 0.1 M KOH 53
Br-Ni MOFs Facile ion confinement strategy 90 0.596 0.1 M KOH 54
Ni;HAB, Ions exchange strategy 95 0.51 0.1 M KOH 55
Mg;(HITP), Solvothermal method 90 0.05 0.1 M PBS 56
NiZn MOF A facile one-step wet chemical method 90 — 0.1 M KOH 57
ZnCo-ZIF-C; Solution precipitation 92/100 3.8/4.35 0.1 M PBS/0.1 M KOH 44
MOF@NG’ Solvothermal method — — 0.5 M H,S0, 60
MGF Microwave method 85/90 0.98/0.98 0.5 M Na,S0,/0.1 M KOH 61
HPC Hydrothermal and carbonization 95/90 0.11 0.1 M Na,S0,/0.5 M H,SO, 62
FPC Solvothermal method 97.5 0.792 0.05 M H,S0, 64
Zn0;C Solvothermal and carbonization 90 0.35 0.1 M KOH 67
Pd SACs Pyrolysis 95 0.3 0.1 M KOH 68
Zn-N;0 SAC Pyrolysis 100 0.248 0.1 M KOH 69
Ti-ZnCoS HSS  Sulfidation treatment 98 0.675 0.1 M KOH 70
MOF NSs-300 Hydrothermal thermal treatment 99 6.5 0.1 M KOH 72

the starting materials with various pyrolysis temperatures under
an Ar atmosphere (Fig. 11(a)). At the optimized temperature,
in situ generated NiO nanoparticles were uniformly anchored on
MOF NSs (Fig. 11(b)), resulting in MOF NSs-300 with high activity,
a high H,0, selectivity of 99%, FE of 95% and high-yield rate of
6.5 mol g, ' h™" (Fig. 11(c)~(e)). Fourier transform (FT) EXAFS
spectroscopy was performed to investigate the catalytic mecha-
nism over MOF NS-300 (Fig. 11(f)-(h)). The results suggested that
the unsaturated coordination environment of the Ni atom had
more active sites for the adsorption of oxygen and the Fe in the
MOF could modulate the coordination environment of Ni. The
synergistic effect between NiO and NiFe MOFs thus optimized the
binding with OOH*, reinforcing the activity and stability. Besides,
the coordination unsaturated Ni atoms provided more open active
sites for the adsorption of oxygen, further promoting the 2e-ORR
to H,0, production.

Compared to pristine MOFs and MOF composites, MOF
derivatives generally possess superior conductivity and stabi-
lity. The diversity of MOF precursors and conversion processes
is conducive for the preparation of derived functional materials
with tunable components. However, the harsh conditions dur-
ing the conversion of MOFs often lead to the serious aggrega-
tion of metal ions/nodes and destruction of the pore structures
of MOFs with a dramatic reduction in the specific surface area,
impeding the active site utilization and mass transfer that are
crucial in the 2e-ORR.

4. Conclusions and perspectives

In summary, this review provides a comprehensive overview of
the recent advances of MOF-based materials as highly efficient
electrocatalysts for 2e-ORRs (Table 1). Despite remarkable pro-
gress, the field of MOF-based 2e-ORR electrocatalysts is still in
its infancy. There are numerous challenges that need to be
overcome, some are listed below.

Rational design of the structure and composition of MOF-
based electrocatalysts is still the central task for improving the

2e-ORR performance. Compared to the widely studied 2e-ORR
electrocatalysts such as carbon-based materials, MOF-based
electrocatalysts, especially pristine MOFs, are still rarely
reported. The major challenges faced by MOFs are their rela-
tively low stability and poor conductivity. To address the issue
of stability, the design of MOFs with a strong bonding strength
of metal-ligand coordination by assembling high-oxidation
metal ions with carboxylate ligands, or soft metal ions with
basic azolate ligands is an effective strategy. To improve the
conductivity, constructing donor-acceptor interactions, intro-
ducing redox-matching units and mixed valency, or hybridiz-
ing conducive substrates (e.g. graphene, carbon nanotube) are
highly promising methods. However, most of the reported
MOF-based 2e-ORR electrocatalysts exhibited a micropore-
dominated nature and solid structure, greatly limiting the
active site exposure and mass transfer. To resolve these pro-
blems, introducing hierarchical pores (e.g. mesopore and
macropore) is desired. Besides, the construction of complex
architecture in MOF-based materials such as hollow, yolk-shell
or open-frame-like structures is also promising. To this end,
template-assistant routes including soft and hard templates
and a selective etching strategy are recommended.®’

From a compositional aspect, the current studies are mainly
focused on mono- or bi-metal systems. Introducing more metal
sites (more than two) into MOFs,74,75 or even designing high-
entropy MOFs, possibly benefits from further regulating the
electronic state of electrocatalysts. For MOF derivatives, except
for the reported carbon materials and metal sulphides,
other functional components such as metal phosphides, metal
nitrides, metal oxides and metal selenides are seldomly used in
2e-ORRs. At the level of hybrid materials, the conjugation of
MOFs and their derivatives with other functional species with
excellent electrochemical properties (e.g. metal sulphides,”®
metal oxides,”” Mxene’®) may provide new opportunities for
building efficient 2e-ORR active sites, while related research is
rare to date.

Besides, compared to the carbon-based materials, the poor
conductivity and instability of MOF-based electrocatalysts
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especially pristine MOFs in electrolyte severely restrict their
rapid development in 2e-ORR electrocatalysis. To date, one of
the primary strategies for enhancing the stability of MOF-based
materials is to strengthen the bonding strength of metal-ligand
coordination. For instance, some MOFs that consist of high-
oxidation state metal ions and carboxylate ligands have been
developed (ZrsO4(OH)g(H,0)4(CTTA)gs3). For the challenge of
poor conductivity, some strategies have been developed such
as redox-matching, donor-acceptor interactions and m-inter-
actions.””®® These strategies can improve the stability and
conductivity of MOFs to some extent.

Understanding of the electrocatalytic mechanism of MOF-
based materials is also highly important. The use of advanced
in situ characterizations (e.g. in situ electron microscope, IR
spectra, XRD spectra, XPS spectra) to monitor the changes of
morphology, crystal and chemical structures of MOFs and also
the evolution of intermediate products during the 2e-ORR
process is highly recommended.®" High-throughput screening
methods such as machine learning will provide powerful tools
for predicting the performances of MOF-based materials and
guide future electrocatalyst design.

To promote the practical applications of MOF-based 2e-ORR
electrocatalysts, the stability of MOF-based materials needs
to be further improved in a wide range of pH, especially in
acidic media.

From the aspect of economics and energy efficiency, the
synthesis process of many MOFs requires high-temperature
hydro/solvothermal treatment with the use of expensive
ligands. To promote their practical applications, the industria-
lization and commercialization of MOF materials using cheap
ligands and energy-saving methods is the key, which have
achieved impressive advances very recently. For example, over
10 kinds of inexpensive MOFs such as HKUST-1, MOF-5, ZIF-8
and ZIF-67 have been produced on a large scale by MOF
Technologies and Strem Chemicals. Therefore, the design of
efficient 2e-ORR electrocatalysts based on these MOFs is highly
promising for H,0, production. On the other hand, applying
MOFs as catalysts with even relatively high costs for producing
high-value-added chemicals is still attractive due to their fasci-
nating properties and superior performances.

Overall, we have highlighted the current research achieve-
ments in the exciting field of MOF-based 2e-ORR electrocatalysts.
Even though some challenges still exist, the rapid development of
material science and electrochemistry is believed to produce many
exciting outcomes with respect to the synthesis of MOF materials
for H,O, production in the near future.
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