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Preface to "Electrocatalysts for
Oxygen/Hydrogen-Involved Reactions”

This Special Issue of {Molecules} presents some recent exciting developments in catalysis and
energy chemistry. It covers a range of topics including important research on novel approaches
to the construction of heterogeneous electrocatalysts for the hydrogen evolution reaction, oxygen
evolution reaction, and oxygen reduction reaction, and the theoretical understanding of the reaction
mechanisms. The Special Issue should prove to be a valuable resource for electrochemical scientists
and postgraduate students seeking updated and critically important information in catalysis and
energy chemistry. The articles are written by authorities in the field and are mainly focused on
the synthesis, characterization, and structure—function relationship of oxygen/hydrogen-involved
electrocatalysts, and the applications in water splitting, proton exchange membrane fuel cells and
lithium-ion batteries. We hope that the readers will find these research articles valuable and thought
provoking so that they may trigger further research in the quest for new developments in the field.

We are grateful to MDPI academic open access publishing for the timely efforts made by the
editorial personnel, especially Ms. Marlene Zhang (Section Managing Editor).

Jingqi Guan and Yin Wang
Editors
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Oxygen/hydrogen-involved reactions are key reactions in many energy-related tech-
nologies, such as electrolytic water, electrocatalytic carbon dioxide reduction, electrochem-
ical ammonia synthesis, rechargeable metal-air batteries, and renewable fuel cells. The
development of highly active and stable hydrogen evolution reaction (HER), oxygen evo-
lution reaction (OER), and oxygen reduction reaction (ORR) electrocatalysts is key to the
large-scale implementation of these technologies. In addition, novel, high-performance
HER, OER, and ORR catalysts could be predicted by theoretical investigations. This Special
Issue aims to provide a broad survey of the most recent advances in oxygen/hydrogen-
involved reactions and the applications in proton exchange membrane fuel cells (PEMFCs)
and lithium-ion batteries (LIBs).

In this Special Issue, nine original research articles containing some recent experimen-
tal and theoretical advances in HER, OER, and ORR are reported. Five articles deal with
the design and application of electrocatalysts for oxygen and hydrogen evolution reactions.
Zhou et al. reported a 2D SnSe film in situ grown on a mica substrate using the molecular
beam epitaxy method. The defective Sn structure was modulated by controlling experiment
conditions and a p-type semiconductor of SnSe was formed. First-principles calculations
revealed that Sn vacancies can serve as reactive centers and promote electron migration for
HER [1]. Song et al. synthesized PtNi alloy loaded on zeolite imidazolate framework (ZIF),
derived from porous nitrogen-doped carbon, and found that the optimized PtNi/MNC-1-6
catalyst exhibited a comparable electrocatalytic HER activity with that of commercial
20 wt% Pt/C and showed a quite small Tafel slope of 21.5 mV dec~! [2]. Sondermann et al.
reported a series of NiM-BTC (M = Co, Fe, BTC = 1,3,5-benzanetricarboxylate) electrocat-
alysts for alkaline OER. They found that Nij(Co-BTC and Ni;yCo-BTC/KB composites
underwent structural changes at high potentials, and the generated Ni(OH), contributed
to the high electrocatalytic performance and stability of the OER [3]. Liu et al. developed
a novel Smy 5519 5Co0gNip203.5 (SSCN82) nanofiber structure compound as a bifunc-
tional electrocatalyst for OER and ORR, which afforded an onset potential of 1.39 V for
OER and a Tafel slope of 111.8 mV dec~! for ORR [4]. Woitasske et al. reported a facile
microwave-induced heating method to prepare Pt nanoparticles on reduced graphite oxide
(Pt-NP@rGO). HRTEM revealed that 2~6 nm Pt particles were homogeneously distributed
on the rGO without aggregation, which showed superior catalytic activity for the ORR [5].
Two articles deal with computational studies of HER, ORR, and OER electrocatalysts.
Cherif et al. used density functional theory (DFT) to study the effects of fluorine modifica-
tion of FeNx-doped and N-doped carbon catalysts on the ORR performance for PEM fuel
cells. They studied 12 possible FeNy-doped and N-doped carbon models in the absence
or presence of fluorine atoms. The results showed that metal-free catalytic N-sites were
difficult to combine with F atoms, and in FeNy-doped carbon configuration, only one F
atom coordinated with the FeNy moiety helped to improve its ORR activity [6]. Yang
et al. calculated the electrocatalytic thermodynamics of HER, OER, and ORR on three
two-dimensional, Fe-based, metal-organic frameworks (2D Fe-MOFs). They investigated
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NH, O, and S ligands influencing the electronic structure and catalytic performance of
2D-Fe-MOFs and confirmed that Fe-O MOF displayed an optimal AGyy of 0.008 eV for HER,
Fe-NH MOF exhibited the lowest orgr of 0.38 V for ORR, and three Fe-MOFs possessed
poor OER performance (Nogr > 0.92 V) [7]. Two articles study the design of electrodes for
use in fuel cells and batteries. Song et al. investigated the degradation of Pt electrocatalyst
in PEMFCs under conditions of high energy efficiency. The corrosion of carbon support
and the agglomeration of Pt nanoparticles under high operation potential (0.8 V) and high
current density (1000 mA cm~2) led to the cell voltage declining more than 13 % after the
operation for 64 h [8]. Wang et al. reported a nanosheet-assembled SnO;-integrated anode
for LIBs on which a large reversible specific capacity of 637.2 mAh g~! could be achieved.
Such excellent capacity was a benefit of the rational design based on structural engineering
to boost the synergistic effects of the integrated electrode [9].

In conclusion, oxygen/hydrogen-involved reactions are undoubtedly a hot and crucial
topic in energy-related fields. Several research groups have contributed to the advancement
of this topic by designing novel heterogeneous HER, OER, and ORR electrocatalysts,
characterizing their structure, evaluating the catalytic performance, and studying the
structure-activity relationship. Herein, important advancements in oxygen/hydrogen-
involved reactions are revealed. We thank all of the authors for their valuable contributions
to this Special Issue, all the peer reviewers for their valuable comments, criticisms, and
suggestions, and the staff members of MDPI for the editorial support.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Two-dimensional metal-organic frameworks (2D MOFs) inherently consisting of metal
entities and ligands are promising single-atom catalysts (SACs) for electrocatalytic chemical reactions.
Three 2D Fe-MOFs with NH, O, and S ligands were designed using density functional theory
calculations, and their feasibility as SACs for hydrogen evolution reaction (HER), oxygen evolution
reaction (OER), and oxygen reduction reaction (ORR) was investigated. The NH, O, and S ligands
can be used to control electronic structures and catalysis performance in 2D Fe-MOF monolayers by
tuning charge redistribution. The results confirm the Sabatier principle, which states that an ideal
catalyst should provide reasonable adsorption energies for all reaction species. The 2D Fe-MOF
nanomaterials may render highly-efficient HER, OER, and ORR by tuning the ligands. Therefore,
we believe that this study will serve as a guide for developing of 2D MOF-based SACs for water
splitting, fuel cells, and metal-air batteries.

Keywords: two-dimensional metal-organic framework; ligand; single-atom catalysts; hydrogen

evolution reaction; oxygen evolution reaction; oxygen reduction reaction

1. Introduction

The greenhouse effect, air pollution, ozone depletion, and fossil fuel depletion are
all major challenges for our society’s progress in the 21st century [1]. To address the envi-
ronmental deterioration and energy challenges, it has become a major priority to increase
the research and development of low-cost, efficient, and renewable energy storage and
conversion devices, such as fuel cells, metal-air cells, and water decomposition [2]. At the
United Nations Climate Summit 66 countries pledged to achieve net-zero carbon emissions
by 2050 [3]. A promising energy conversion technology is the unitized regenerative fuel cell.
It works like a fuel cell and inversely as a water electrolyzer to produce H, and O, to feed
the fuel cell. Hence, multifunctional electrocatalysts play key roles [4]. However, because
of the high overpotential, low activity, and poor selectivity, it is extremely desirable to
develop sustainable and low-cost functional electrode materials with high energy density,
excellent rate capability, and good cycling stability [5].

Since an isolated Pt single atom anchored in FeOy showed remarkable catalytic per-
formance for CO oxidation [6], single-atom catalysts (SACs) have been considered next-
generation electrode candidates. SACs contain isolated single-metal atoms dispersed on
a support surface, and represent the ultimate limit of atom use efficiency for catalysis [7].
Some experimental and computational studies show that SACs are promising for precise
control of catalytic reactions, such as the hydrogen evolution reaction (HER) [8,9], the
oxygen evolution reaction (OER) [10,11], the oxygen reduction reaction (ORR) [12], the
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nitrogen reduction reaction (NRR) [13], the carbon dioxide reduction reaction (CO,RR) [14],
and CO/NO oxidation [15].

Unlike typical SACs, two-dimensional metal-organic frameworks (2D MOF) contain
metal entities and organic ligands, indicating that they could be used as SACs [16]. MOF
monolayers have highly exposed metal atoms, uniformly dispersed against agglomera-
tion [16]. Similar to SACs, the metal entities in MOFs could effectively modify charge
redistribution and boost chemical reactions [17].

Recently, more and more 2D MOF sheets have been experimentally synthesized and
theoretically predicted for use as catalysts [18]. The Cu3(CsSg) MOF cathode enables a high
reversible capacity for lithium-ion batteries [19]. The Rh3C1251, MOF exhibits a low limiting
potential of —0.43 V for CO,;RR [20]. Mo3C1,N12H1, MOF exhibits a low overpotential of
0.18 V for NRR [21]. M03(C20)12 MOF could achieve a low limiting potential of -0.36 V
for NRR via the distal pathway [22]. These MOFs could also be used as electrocatalysts for
ORR [23], OER [24], and HER [25].

Due to the above results, the NH, O, and S ligands were adopted to design 2D Fe-
MOFs. The potential as SACs for the HER, OER, and ORR was systematically explored. The
Fe-MOF exhibits atomically thin like 2D graphene, and they display excellent structural
stability. The NH, O, and S ligands could tune charge redistribution in Fe-MOF and catalysis
performance. The Fe-O MOF displays AGy = 0.08 eV for HER, Fe-NH MOF exhibits
#ORR = 0.38 V for ORR, and they possess poor OER catalysis performance (7°FR > 0.92 V).
Our work highlights the effect of ligands, and could guide the development of highly
effective SACs based on 2D MOFs.

2. Results and Discussion
2.1. Geometry and Stability

The unit cells of the studied 2D Fe-MOF monolayers are depicted in Figure 1. There
are three types of ligating atoms between Fe atoms and graphene nanosheets (Figure S1).
Therefore, different symbols were denoted by different ligating atoms: Fe-NH-MOF for
NH ligating atoms, Fe-O-MOF for O ligating atoms, and Fe-S-MOF for S ligating atoms,
respectively. These 2D MOF sheets are also atomically thin like grapheme, but each unit
cell consists of 3 Fe atoms, 24 carbon atoms, and 12 ligating atoms.
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Figure 1. Optimized lattice parameters of (a) Fe-NH-MOF, (b) Fe-O-MOF, and (c) Fe-S-MOF
monolayers.

To optimize the atomic structures of these three Fe-MOFs, the variations of energies
vs. the lattice constants are also shown in Figure 1, their lattice constants are optimized to
be 12.61 A for Fe-NH MOF, 12.31 A for Fe-O MOF, and 13.65 A for Fe-S MOF, respectively
(Table 1 and Table S1). These optimized lattice constants agree with previous investiga-
tions [22,26,27]. The bond lengths of Fe-N, Fe-O, and Fe-S are 1.85 A,1.83A,and 2.15 A,
respectively, and the bond lengths of C-N, C-O, and C-S are 1.35 A, 1.30 A, and 1.74 A,
respectively, due to differences in the atomic radius of N (r = 70 pm), O (r = 66 pm), and S
(r = 104 pm). The diameters of the holes in Fe-MOF sheets vary as well by 3.44 for Fe-NH
MOF, 5.17 A for Fe-O MOF, and 5.74 A for Fe-S MOF, respectively (Table 1).
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Table 1. Calculated geometric parameters (lattice constants (l,), the bond length of Fe-N (O, S)
(Dre-N (0,5))r C-N (O,S) (Dc.n (0,5)), and diameter of the hole () (A)), total magnetic moment (Mo,
up) and Bader charge (Qre (e), QN 0,5 (¢)) of Fe-NH-MOF, Fe-O-MOF, and Fe-S-MOF monolayers.

Materials I, (A) DreN (0,) (A) Dc.N (0,5) (A) o (A) Mot (uB) Qre () Qnos (e)
Fe-NH-MOF 12.61 1.85 1.35 3.44 6.00 —1.26 +0.83

Fe-O-MOF 12.31 1.83 1.30 5.17 10.45 —1.51 +1.07

Fe-S-MOF 13.65 2.15 1.74 5.74 9.25 —0.58 +0.13

We examined the stability of three Fe-MOF monolayers after attaining their unique
structures, because the good stability of the given materials is a prerequisite for their practi-
cal uses. Notably, high-quality 2D Fe-S MOF have been experimentally synthesized [27],
however, their thermal stabilities were still performed using first-principles plus ab initio
molecular dynamics simulations (AIMD). At a temperature of 500 K, a total time process
of 3000 fs with a time step of 1 fs was implemented using specified 2 x 1 x 1 rectangular
supercells (included 102 atoms for Fe-NH MOF and 78 atoms for Fe-O/ Fe-S MOFs). The
variations of total energy and temperature and the final snapshots in 3000 fs are depicted in
Figure 2. Their total energies and temperature exhibit up and down trends within a fixed
range. These final structures display lack of structural distortion and no bond-breaking. It
slight up and down changes in final plane structure can be seen. These results revealed
that these three Fe-MOF monolayers could maintain their original atomic structures at a
high temperature of 500 K, implying their exceptional thermal stability. The high stability
may result from the large -bonds of high-symmetric sp?-C atoms in graphene nanosheets,
which agrees with previous work [22,27]. Notable are the slight up and down changes in
the plane. The plane structure shows some fluctuation changes.

Fe-N-H-MOF| X (b) Fe-O-MOF| X Fe-S-MOF
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Figure 2. The AIMD simulations of (a) Fe-NH-MOF, (b) Fe-O-MOF, and (c) Fe-S-MOF monolayers at
500 K during the timescale of 3 ps.

We further perform Bader charge analysis to investigate the chemical bonding in these
Fe-MOF monolayers. The electron localization function (ELF) map and isosurfaces of ELF
with a value of 0.50 au are plotted in Figure 3a—c, the Fe loses 0.58-1.51 ¢, and the N, O, and
S gain 0.13-1.07 ¢, which contributes to their robust ionic bonds. Note that the positive Fe
atom may be used as an active site for chemical reactions.

2.2. Electronic Property

Previous research has shown that the electronic structures of 2D-based catalysts have a
significant impact on their catalytic efficiency [28]. Thus, we computed their band structures
and density of states (DOS) with the DFT + U method [29]. As shown in Figure 4a, the Fe-O
MOF and Fe-S MOF display intrinsic metallicity due to the several bands at the Fermi level,
while Fe-NH MOF is a semiconductor with band gaps of 0.56 eV for spin up and 0.89 eV
for spin down. Thus, the high electrical conductivity of Fe-O and Fe-S MOFs should ensure
rapid charge transfer in electrochemical reactions. It can be clearly observed that all three
Fe-MOF nanomaterials possess spin splitting of band structures, producing magnetism.
The computed total magnetic moment (M;o) of the primitive cells of Fe-NH-MOF, Fe-O-
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MOF, and Fe-5-MOF monolayers are 6.00 uB, 10.45 uB, and 9.25 uB, respectively. Further
study of magnetism comes from the spin-charge density in Figure 3(a3,b3,c3), the spin-up
densities are mainly around the Fe atoms, matching their total magnetic moments (Table 1).

Figure 3. Geometries (1), electron localization function (ELF) (2), and spin density (3) of (a) Fe-NH-
MOFE, (b) Fe-O-MOF, and (c) Fe-S-MOF monolayers.
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Figure 4. Band structures (a) and projected density of states (PDOS) of (b) Fe-N-H-MOF, (c) Fe-O-
MOFE, and (d) Fe-S-MOF monolayers. The Fermi levels (EF) are set to 0 eV.
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i (a) Fe-NH-MOF

Previous research suggested that metallic characteristics and strongly spin-polarized
Fe atoms could enhance the chemical catalysis process [30]. The density of states (DOS) of
these three Fe-MOFs was then calculated to further understand them better. The projected
density of states (PDOS) of Fe, N, O, S, and C elements are further plotted in Figure 4b—d.
There are obvious hybridizations between Cu-dyz and Cu-dxz orbitals and N-pz orbitals
(Figure 4b), confirming the strong bond between Fe and N atoms. We also concluded the
semiconductor character for Fe-NH MOF since there are no states at the Fermi level. For
the Fe-O MOF in Figure 4c, the metallic feature mainly comes from the contributions of
Fe-dxy, Fe-dx?-y2, O-px, and O-pz orbitals, which also mainly give the spin magnetism
and hybridizations of the Fe-O bond. For Fe-S MOF in Figure 4d, S-px, S-pz, Fe-px and
Fe-dx?-y? existing at the Fermi level, these orbitals endow their metallicity, spin magnetism,
and strong bond to Fe-S.

2.3. HER

The hydrogen adsorption free energies are estimated under various configurations
in this part to assess the HER activity of these Fe-MOFs. Four representative adsorption
sites are chosen to show the HER catalysis activity, which are Fe, N/O/S, C1, C;, and Cs
atoms in Figure 3. The corresponding adsorption structures are displayed in Figures 52-54.
The calculated HER free energy diagrams of three Fe-MOFs at a potential U = 0 relative
to the standard hydrogen electrode at pH = 0 are plotted in Figure 5. For Fe-NH MOF in
Figure 5a, the Gibbs free energies of hydrogen adsorption (AGy) on Fe and N sites are
0.16 eV and 0.45 eV, while the AGy is more than 0.88 eV on C sites, suggesting that the
optimized HER activity is 0.16 eV. The AGy of Fe-O MOF on Fe and O atoms are 0.60 eV
and 0.08 eV, respectively, the C atoms also exhibit a poor HER catalysis performance and the
AGy > 0.67 eV. Similarly, the Fe-S MOF monolayer possesses poor HER catalytic behavior
due to the high hydrogen adsorption free energies (AGy > 0.37 eV).

(b) Fe-O-MOF (c) Fe-S-MOF
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Figure 5. Calculated free energy diagram for hydrogen evolution on (a) Fe-NH-MOF, (b) Fe-O-MOF,
and (c) Fe-5S-MOF monolayers at a potential U = 0 relative to the standard hydrogen electrode at
pH = 0. Insets are corresponding optimized adsorbed H intermediates.

The reason can be deduced from the Bader charge analysis in Table 1, the O gains
more electrons (+1.07 e) showing higher catalysis activity, the S and N gain fewer electrons
(+0.13—+0.83 ¢) displaying poor catalysis properties. In comparison with the findings of
previous studies (Table 2), the Fe-O MOF displays the small or comparable hydrogen
adsorption free energy (AGy = 0.08 eV), implying its excellent HER electrocatalytic activity.
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Table 2. Comparison of the HER (AGy, eV), OER (UOER, V), and ORR (UORR, V) catalysis performance
in our results with previous literatures.

Materials AGy (eV) 7OER (V) 7ORR (V) Materials AGy (eV) #OER (V) #ORR (V)

Fe-NH-MOF 0.16 0.92 0.38 IrO;, [31] - 0.45-0.59 -

Fe-O-MOF 0.08 1.00 0.85 Co-BP [32] - 0.42 0.36

Fe-S-MOF 0.37 1.22 0.75 Ni-BP [32] - 0.44 0.29

V-W,B,0; [33] 0.01-0.15 - - Pt-BP [32] - 0.25 0.32
ZnW,B,0, [33] 0.14-0.26 - - Fe-BHT [24] - 0.88 -

Zn@InSe [34] 0.02 - - Ir3(HITP), [35] - - 0.31

Ni@PR-GDY [36] —0.05 0.29 0.38 Rhs(HITP), [35] - ; 0.37

2.4. OER

The OER electrocatalytic activity of these three Fe-MOF monolayers was then eval-
uated. According to previous work, the OER process should consist of four elementary
steps [37]. They are (1) *+ H,O — *OH+ H*, (2) *OH — *O + H*, (3) *O + H,O —
*OOH + H*, and (4) *OOH — *+ O, + H", respectively. The optimized atomic structures
of *OH, *O, and *OOH intermediates on three Fe-MOF monolayers are diagnosed by con-
sidering different adsorbed sites and conformations (Figures S2-54). It is found that their

reaction sites are the same as Fe atoms (Figure 6), which is in agreement with those of other
MOF materials [22,24].
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Figure 6. Calculated free energy diagram for OER on (a) Fe-NH-MOF, (b) Fe-O-MOF, and (c) Fe-S-
MOF monolayers at a potential U = 0, 1.23, and working potentials relative to the standard hydrogen
electrode at pH = 0. Insets are corresponding OER intermediates.

The OER free energy diagram at 0.00 V, 1.23 V, and work potential is depicted in Figure 6.
The OER free energy diagram of Fe-NH MOF plotted in Figure 6a indicates that the third
step possesses the biggest uphill, and the elementary step *O + HO — *OOH + H* is the
rate-limiting step. When the electrode is 2.15 V, all four-element steps are downhill. Thus,
the calculated OER overpotential (7°ER) is 0.92 V. The working potentials of Fe-O MOF and
Fe-S MOF are 2.23 V and 2.45 V, where it can be deduced that their OER overpotentials are
1.00 V and 1.22 V. Therefore, the Fe-NH MOF exhibits the best OER catalytic activity for
converting HyO to O, in this study. We further compare the OER performance of Fe-MOF
with the recent catalysts in Table 2. It is worth noting that the OER overpotential of Fe MOF
(nOFR = 0.92-1.22 V) is 2-3 times that of the best-known OER catalyst IrO, (0.45-0.59 V) [31],
implying their poor OER electrocatalytic activity. The other methods should be adopted to
tune the OER electrocatalytic activity of 2D Fe MOF monolayer.
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2.5. ORR

The ORR electrocatalytic activity of the Fe-MOF sheets is discussed in this section. Pre-
vious studies have shown that the O, dissociative pathway is difficult to achieve on 2D MOF
materials, which are similar to Pt(111) [38] and several single-atom catalysts [28,36,39,40].
Here, the ORR can be regarded as the inverse process of OER, which is also described by
four elementary steps (1) * + O, + H* — *OOH, (2) *OOH + H* — *O + H,0O, (3) *O + H*
— *OH, and (4) *OH + H* — *+ H,O, respectively. The optimized atomic structures of
ORR intermediates on three Fe-MOF monolayers are the same as OER intermediates on
them and the active sites are Fe atoms (Figures S2-54).

The calculated ORR free energy diagrams of three Fe-MOFs are depicted in Figure 7.
The blue, black, and red lines represent the electrode potentials at 0.00 V, 1.23 V, and
working potential. As displayed in Figure 7a, the elementary steps of Fe-NH MOF at
0.00 V are downhill. When the electrode potential is up to 0.85 V (which is defined as
working potential, Uy,k), the first step is spontaneous, thus the * + O+ H" — *OOH step
is the rate-limiting step, which is defined as working potential. Thus, the corresponding
ORR overpotential is 0.38 V, which can be calculated by the equation (7°RR = 1.23-0.85).
Similarly, it is worth noting from Figure 7b,c, that the rate-limiting steps on Fe-O MOF and
Fe-S MOF are the first and the fourth steps. Their corresponding working potentials (Uyork)
are 0.38 V and 0.48 V for Fe-O MOF and Fe-S MOF, indicating that their ORR overpotentials
(7°RR) are 0.85 V and 0.75 V. Therefore, the Fe-NH MOF possesses the lowest overpotential,
and the 77O%R is even lower than the best ORR catalyst of Pt (0.45 V) [38]. We also compare
this 7ORR value with that of other excellent ORR catalysts (Table 2), which suggests that the
Fe-NH MOF could boost ORR electrocatalysis performance.
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Figure 7. Calculated free energy diagram for hydrogen evolution on (a) Fe-NH-MOFE, (b) Fe-O-MOF,
and (c) Fe-S-MOF monolayers at a potential U = 0, 1.23, and working potentials relative to the
standard hydrogen electrode at pH = 0.

To gain further insight into the catalysis property of Fe-MOF, we analyze the ad-
sorption free energies of OOH, O, and OH species. Here we give the values of an ideal
ORR catalyst, which are 3.69 eV for AG*OOH, 2.46 eV for AG*O, and 1.23 eV for AG*OH,
respectively. Furthermore, the Sabatier principle claims that an ideal catalyst should serve
moderate adsorbed energies for all reaction species. For Fe-NH MOF, the values are
AG*OOH = 4.06 eV, AG*O =1.92 eV, and AG*OH = 1.02 eV, the corresponding adsorbed
energy differences are 0.10 eV (4.06-3.69), 0.54 eV (2.46-1.92), and 0.21 eV (1.23-1.02),
respectively, which indicates that Fe-NH MOF exhibits strong adsorption to *O species.
We also conclude that the adsorbed energy differences are 0.58 eV, 0.05 eV, and 0.06 eV
for Fe-O MOF, and 0.16 eV, 0.80 eV, and 0.75 eV for Fe-S MOEF, which suggests that Fe-O
possesses weak adsorption energy to OOH, Fe-S displays strong adsorption strength to
OH. These adsorbed energy differences could confirm the rate-limiting steps, which are
the first step for Fe-NH and Fe-O MOFs, and the fourth step for Fe-5 MOF. The results
confirm the Sabatier principle [41]. In other words, the Fe atom in Fe-NH MOF loses 1.26 ¢,
in Fe-O MOF it loses 1.51 ¢, and in Fe-S MOF it loses 0.58 e (Table 1), thus the active Fe
exhibits different adsorption energies for various ORR species, which led to the different



Molecules 2022, 27, 1528

ORR catalysis activity. In summary, the coordinated ligand can promote the charge transfer
between the central Fe atom and graphene nanosheets, and further regulate their chemical
catalysis performance for HER, OER, and ORR.

3. Methods

The first-principles calculations were performed with the context of spin-polarized
DFT as implemented in the Vienna ab initio simulation package (VASP) [42]. The exchange-
correlation approximation was described by the generalized gradient approximation with
the Perdew—Burke-Ernzerhof function [43,44]. The plane-wave cutoff energy was 500 eV
for the projected augmented wave approach [45]. The vacuum layer was larger than 15 A.
All geometry structures were allowed to fully relax until the Hellmann-Feynman force on
atoms was less than 0.01 eV A~1, and the total energy change was less than 1.0 x 1075 eV.
The grid density of k-point mesh in Monkhorst-Pack scheme was less than 27t x 0.01 A~
The ab initio molecular dynamics (AIMD) were conducted with the Nosé algorithm in
the NVT ensemble to investigate thermodynamical stability [46]. To treat the exchange—
correlation energy of the localized d-orbital of Fe atoms, the PBE+U calculations were
employed by adding the Hubbard term to the Hamiltonian [29,47]. The DFT-D3 correction
was adopted to describe the long-range van der Waals interaction [48]. The VASPKIT code
was used to analyze the output files from the VASP. The free-energy change (AG) for each
fundamental step was calculated by the equation [38],

AG = AE 4+ AEzpg — TAS + AGy + AGpH + AGfield 1

where AE is the electronic energy difference, AEzpg is the zero-point energy (ZPE), T is
298.15 K, and AS is the difference in entropy. AGy = ell, where U is the electrode potential,
and e is the electron transfer. AGpy =kpT x In10 x pH, where kg is the Boltzmann constant,
and pH = 0 in this study, which is the same as previous works [24,31,35,36]; AGgelq is
neglected. The entropy and vibrational frequencies of the gas species are taken from the
database [49].

4. Conclusions

To summarize, we have obtained the atomic geometry, stability, HER, OER, and
ORR electrocatalytic activity of Fe-MOF by using first-principles calculations. The Fe-
MOFs with NH, O, and S ligands possess high stability and are atomically thin like 2D
graphene. It was found that the coordinated ligands (NH, O, and S) could promote the
charge redistribution in Fe-MOF, and further regulated their electronic structures and
chemical performance. These three Fe-MOFs possess spin magnetism. The calculated free
energy diagrams indicate that the Fe-O MOF displays the smallest hydrogen adsorption
free energy (AGy = 0.08 eV), the Fe-NH MOF exhibits the best ORR catalysis performance
with the overpotential of 0.38 V. Unfortunately, these three Fe-MOFs possess poor OER
properties due to the 7°FR > 0.92 V. Our computational results offer not only a promising
strategy for the design of high efficiency versatile electrocatalysts, but also promote the
following experimental exploration on the use of 2D MOF in water splitting, fuel cells, and
metal-air batteries.

Supplementary Materials: The following supporting information can be downloaded online. Figure S1
supercell (2 x 2) of (a) Fe-NH-MOF, (b) Fe-O-MOF, and (c) Fe-S-MOF monolayers; Figure S2 the optimized
top and side views of H, OOH, O, and OH on Fe-NH MOF monolayer; Figure S3 the optimized top
and side views of H, OOH, O, and OH on Fe-O MOF monolayers; Figure 54 the optimized top and side
views of H, OOH, O, and OH on Fe-S MOF monolayers; Table S1 optimized lattice constants (l,) vs total
energies (Etot) of Fe-NH-MOEF, Fe-O-MOF, and Fe-S-MOF monolayers.
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Abstract: The development of non-precious metal catalysts with excellent bifunctional activities is
significant for air-metal batteries. ABO3-type perovskite oxides can improve their catalytic activity
and electronic conductivity by doping transition metal elements at B sites. Here, we develop a novel
Smy 5519 5Co01_xNixO3_s (SSCN) nanofiber-structured electrocatalyst. In 0.1 M KOH electrolyte
solution, Smy 551 5C0pgNip203_5 (SSCN82) with the optimal Co: Ni molar ratio exhibits good
electrocatalytic activity for OER/ORR, affording a low onset potential of 1.39 V, a slight Tafel slope of
123.8 mV dec~ !, and a current density of 6.01 mA cm 2 at 1.8 V, and the ORR reaction process was
four-electron reaction pathway. Combining the morphological characteristic of SSCN nanofibers with
the synergistic effect of cobalt and nickel with a suitable molar ratio is beneficial to improving the cat-
alytic activity of SSCN perovskite oxides. SSCN82 exhibits good bi-functional catalytic performance
and electrochemical double-layer capacitance.

Keywords: Sm 551r)5Co;_xNixOs3_ 5; perovskite; cathode electrocatalyst; OER/ORR

1. Introduction

Due to the excessive use of fossil fuels, environmental pollution and energy shortages
have become significant challenges for human survival. Therefore, it is urgent to develop
novel and efficient energy conversion devices [1,2]. Natural energy sources such as wind
and solar power are abundant, but their power output is subject to climate constraints [3].
Metal-air batteries have a good application prospect among many energy storage devices
due to their advantages of low price, friendly environment, and good stability [4,5]. The
cathode of the metal-air battery is open, and oxygen in the air can be continuously input.
There are two critical electrochemical reactions at the cathode, namely oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER), which can determine the perfor-
mance of the entire battery. Therefore, the selection of cathode catalysts is crucial. Up to
now, precious metals such as Pt, [rO,, and RuQO, are still the most efficiently employed
catalysts, but their high price and scarce content in the earth’s crust also limit their practical
application [6-8]. Thus, it is imperative to develop non-noble metal bifunctional catalysts
with good performance [9].

For ABOs-type perovskite oxides, the A-site is alkaline earth metals or rare earth
metals with 12-fold oxygen. The B-site is a transition metal coordinated with six-fold
oxygen located at the center of the octahedron. The electrochemical properties of ABO;
perovskite oxides are significantly improved by doping the A and/or B sites, making
ABOj3 one of the best candidates for non-noble metal catalysts [10-12]. Many perovskite
oxides show good electrocatalytic activity. Smg5Sry5C0oO3_5 (SSC) on Vulcan XC-72R
exhibited excellent bifunctional electrocatalytic performance for metal-air batteries [13].
Lag 5519 5NiMnRug 504 (LSNMR) showed outstanding bifunctional ORR/OER activities.
The ORR onset potential (Egnset) of LSNMR was 0.94 V, which can be the perovskite
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with the best ORR activity in alkaline solution so far. The OER potential was 1.66 V at
10 mA cm 2 [14]. Bag5Sro5Co0sFe205_ 5 (BSCF) remained highly stable for OER after
1000 cycles. For BSCF9002N2, the Tafel slopes of OER and ORR are 143 and 128 mV dec™!,
respectively [15]. Smg5Sr)5C00;5_s hollow nanofibers were hybridized with N-doped
graphene to obtain a remarkable ORR/OER bifunctional catalyst in alkaline media [16].
Catalyst materials with various morphology and catalytic activity can be prepared by
different preparation methods. Heteroatoms doping is an effective method to enhance the
electrocatalytic activity of the catalysts [17].

Our previous studies [18,19] have shown that one-dimensional nanofiber-based
Sm 5510 5C005_5 (SSC) exhibits excellent electrochemical performance. The doping of
B-site in ABO3-type SSC perovskites can efficiently promote the electrocatalytic activity
of the catalyst. The replacement between the two variant Ni and Co atoms in catalyst
materials can generate the ligand effect, resulting in the acceleration of the charge transfer.
The synergistic coupling effect of Ni>* and Co?* ions can afford bifunctional synergism
and promote catalytic activity [20]. To the authors” knowledge, the ORR/OER activities
of Ni-doped Smy 5519 5C0O5_s at B-site have rarely been reported. In the present work, a
novel nanofiber-structured Smy 55rg 5Co;_xNixO3_5 was synthesized by electrospinning,
and the OER and ORR catalytic activities were explored.

2. Results and Discussion

To ascertain the optimal molar ratio of Co: Ni in SSCN catalysts, SSCN82, SSCN64,
SSCNB55, SSCN46, and SSCN28 were prepared by electrospinning and subsequent calcina-
tion. Figure 1 shows the typical TG-DTA curve of the SSCN precursor. The thermogravi-
metric process of the SSCN precursor can be divided into three stages: the weight loss in
the range of 0~240 °C is due to the evaporation of water in the precursor, and the weight
is reduced by 13.6% [21]. The weight loss between 244 °C and 401 °C is 39.7%, because
metal nitrate will decompose within this temperature range [22]. At the same time, an
apparent exothermic peak of metal nitrate can be found near 265 °C. The remaining 20.57%
metal nitrate is further decomposed slowly at 406~654 °C. There was no apparent phase
transformation after 654 °C, indicating that the SSCN precursor had been decomposed.
To ensure the complete decomposition of the precursor, the SSCN nanofibers obtained by
electrostatic spinning were calcined at 800 °C.
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Figure 1. TG-DTA curves of the SSCN precursor with a scanning rate of 5 °C min~1.

Figure 2a—e shows the SEM images of SSCN catalysts with different Co: Ni molar
ratios after calcination at 800 °C for 2 h in air. It can be seen that the microstructure of SSCN
fibers with different Co: Ni ratios is not the same. In comparison, the more Ni content in
SSCN, the less likely it is to form a fiber structure, which may be due to the agglomeration
of nickel in the calcination process. However, with the increase of Co content, SSCN82
nanofibers are not easy to fracture, and the diameter is relatively uniform. According
to the literature report [16] and our previous research work [18,19], Smg55r)5C0O3_5
(SSC) materials prepared by electrospinning have a good nanofiber structure. While for
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SSCN nanofibers, due to the intrinsic characteristics of easy agglomeration of Ni, the
more nickel content in Smg 551y 5Co01_xNixOj3_ s, the more likely the fiber will fracture or
even agglomerate. The increase in Co content is beneficial to the formation of SSCN long
fibers [23,24]. Thus, uniform nanofibers without obvious breakage are presented in SSCN82
with the highest Co content. Figure el-e5 shows the EDX spectra of SSCN82 nanofibers.
It clearly shows the uniform spatial distribution of Sm, Sr, Co, Ni, and O elements in the
SSCNB82 catalyst. In particular, the distribution of nickel can fully prove that nickel has
been evenly doped into samarium strontium cobalt oxide.

Figure 2. SEM images of (a) SSCN28, (b) SSCN46, (c) SSCN55, (d) SSCN64, and (e) SSCN82.
(e1-e5) EDS element mappings of Figure 2e.

The wide-angle XRD patterns of the SSCN catalysts are shown in Figure 3a. The stan-
dard diffraction X-ray peaks of SmSrCoO; (PDF#53-0112) and SmSrNiO, (PDF#48-0973)
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are also given as guides to the eyes at the bottom of Figure 3a. All the diffraction peaks of
SSCN were indexed to SmSrCoO3; and SmSrNiOy. The characteristic peaks appearing in
Smy 5519 5Co; —xNixO3_ 5 are consistent with the XRD pattern reported by Baek et al. [25].
The result indicates that the SSCN catalysts have a high crystalline characteristic after calci-
nation at 800 °C. It is noteworthy that the peaks at about 260~24.6°,29.2°, 32.2°, and 33.4° are
consistent with (011), (004), (013), and (110) for SmSrNiO4 (PDF#48-0973), respectively. The
characteristic peaks increase with the increase of Ni content for Smg 5519 5Co; —xNixO3_5.
Peaks at about 20~33.3°, 40.9°, and 41.2° can be well indexed to (121), (220), and (022) of
SmSrCoO3 (PDF#53-0112), respectively. With the decrease of Co content, the characteristic
peak gradually weakens until SSCN28, which cannot be detected due to too little Co content.
That is also why SSCN82 and SSCN64 have one peak while SSCN55, SSCN46, and SSCN28
have two peaks in the range of 30° and 35° (see Figure 3b). Moreover, from Figure 3b, the
diffraction peaks of SSCN shifted towards a larger angle with the decrease of the Co/Ni
ratio. Because Co ions are replaced by larger Ni ions, resulting in the lattice expansion of
the SSCN unit cell [26-28].
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Figure 3. Wide-angle XRD patterns of SSCN82, SSCN64, SSCN55, SSCN46, and SSCN28 catalysts
after calcination at 800 °C for 2 h. Standard X-ray diffraction peaks of SmSrCoO3 (PDF#53-0112)
and SmSrNiO,4 (PDF#48-0973) are given as guides to the eyes at the bottom. (b) A partial enlarged
drawing of (a).

To further examine the surface composition and valence states of Co and Ni in SSCN,
X-ray photoelectron spectroscopy (XPS) measurements were performed. The wide-scan
spectrum of SSCN82 reveals the presence of Ni, Co, O, and Sm and Sr elements (Figure 4a).
The Co 2p spectrum in Figure 4b shows the peaks of Co 2p;,, and Co 2p; /; along with
their satellite peaks. For SSCN82, two peaks appear at 780.5 and 781.3 eV, which belong to
Co 2p3,2 and indicate the presence of Co?* and Co3*, respectively [21]. The Ni 2p spectrum
(Figure 4c) shows 2p3,, and 2p; /» doublets due to spin—orbit coupling. The Ni 2p spectra
of SSCN82 show two peaks at 853.8 and 859.3 eV corresponding to Ni 2p3,, and a satellite
peak at higher binding energies [29,30]. From Figure 4d, the O 1s peaks for the sample are
located at 529, 531.7, and 533.1 eV, respectively, corresponding to lattice oxygen, absorbed
oxygen, and absorbed water [31,32]. The binding energies of Ni 2p and Co 2p in SSCN82
reveal that the Ni and Co atoms are uniformly distributed in the crystal structure. It further
demonstrated the formation of SSCN82, which was in agreement with XRD results.

For Co oxide-based catalysts, it has been found that the number of oxidation states
of Co present in the catalyst is combined with its activity for the ORR and OER. The
presence of Co’" is associated with higher activity towards the OER, while Co?* shows
higher activity towards the ORR [33]. The variability of the valence states of the cobalt ions
between Co?* and Co®* benefits attaining excellent bifunctional ORR/OER electrocatalysis.
Similar characteristics of bifunctional activity were also observed for the other transition
metal oxides [34]. Ni can undergo more than one oxidation-reduction reaction during
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the OER [33]. The effect of Ni content on the formation of a bimetallic Co-Ni oxide
electrocatalyst was explored [35]. In general, adding Ni to the catalyst can improve the
half-wave ORR potential and current densities, respectively.

(b)

Co2p 2p;,

Sm 3d

intensity (a.u.)

0 400 800 1200 810 805 800 795 790 785 780 775
Binding energy (eV) (d) Binding energy (eV)
Ni2p O1s
-~
e
<
N’
£
172]
=
ot
-
g
880 870 865 860 855 850 544 542 540 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

Figure 4. (a) XPS spectra of SSCN82 catalyst. High-resolution XPS spectra of (b) Co 2p, (c) Ni 2p, and
(d) O 1s.

To evaluate the optimal molar ratio of cobalt and nickel of Smg 55ry5Co;_xNixO3_5,
the OER and ORR activities were tested at a speed of 1600 rpm in 0.1 M KOH solution.
Figure 5a shows the OER polarization curves of the SSCN catalysts. SSCN82 catalyst shows
a higher current density at the same potential. The onset potential (Eonset) of SSCN82 was
1.39 V, which was lower than the others. The results showed that SSCN82 had higher OER
catalytic activity than the others. Figure 5b shows the Tafel slope obtained from the LSV
curves. The OER Tafel slopes of SSCN82, SSCN64, SSCN55, SSCN46, and SSCN28 are
108.3, 137.7,173.3, 170.4, and 180.9 mV dec™1, respectively. Among the five samples, the
Tafel slope of SSCN82 is the lowest, which proves that it has faster OER reaction kinetics.
SSCN82 generated a current density of 6.01 mA cm~2 at 1.8 V. For the sake of comparison,
the results in our work and the values reported in literature [15,16,36-39] are summarized
in Table 1. The OER performance of SSCN82 is comparable to the perovskite catalysts.
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Table 1. Comparison of OER performances in 0.1 M KOH media for SSCN catalysts with other
perovskite catalysts.

Catalysts OEI({E(R?‘SI? II:(I)_;%I;tlal Tafel Slope (mV dec™1) at(:llfgr\e]r::n]frclzt};) References
SSCN82 1.39 123.8 6.01 This work
SSCN64 1.51 129.1 2.2 This work
SSCN55 1.52 133.9 14 This work
SSCN46 1.61 138.1 1.12 This work
SSCN28 1.63 159.2 0.65 This work

BSCF900N2 143 ca7 [15]
SSC-HG 1.53 115 [16]
LSM 1.7 226 2 [36]
LCNP@NCNF 151 152 4.09 [37]
LSNF-5546 1.56 76 [38]
IrO, 1.56 115 - [39]

Furthermore, the ORR activities were also examined to demonstrate the bifunctionality
of SSCN catalysts. Figure 5¢ shows the ORR polarization curves of SSCN at 1600 rpm. The
Tafel slope (b) can be calculated by the equation: E =a +blog |jl. The Tafel plots of SSCN82,
SSCN64, SSCN55, SSCN46, and SSCN28 are 111.8, 95.4, 69.7 87.1, and 80.1 mV dec !, re-
spectively. As shown in Figure 5e, the electron-transfer number of SSCN82 was closest
to 4. It indicates that SSCN82 can restore O, to OH™ via the desired four-electron path-
way [16,40]. Combining the OER and ORR test results, it is obvious that SSCN82 has the
most excellent OER and ORR performance, which proved that the synergy of Co and Ni
with the suitable molar ratio is beneficial for the bifunctional activities [20]. In addition,
electrochemical impedance spectroscopy (EIS) analysis can further study the catalytic ki-
netics of SSCN. The kinetic activity of different catalysts can be expressed by their charge
transfer resistance (Rct). A lower Rt means a faster kinetic reaction. Impedance spectra
of the SSCN catalysts appeared as two capacitive arcs (Figure 5f), which can be fitted by
the equivalent circuit (inset of Figure 5f). Here, Rs is the solution resistance, and CPE; and
CPEq are two constant phase elements. R; represents the electron transport resistance of
catalyst and electrode, and R the interfacial charge transfer resistance. SSCN82 shows the
lowest R, indicating SSCN82 has the optimal electron and charge transport capability. The
ORR/OER and CV test results divulge that a 0.8:0.2 molar proportion of Co: Ni is optimum
for Smy 5519 5Co1_xNixO3_ 5. Combining the best morphological characteristic of SSCN82
nanofibers with the synergistic effect of cobalt and nickel with the optimal molar ratio is
beneficial to improving the catalytic activity of SSCN82 [20].

For oxygen electrode catalysts, the electrochemical double-layer capacitance (Cq) is
proportional to the active area of the catalyst [23], and the actual electrochemical active
area can be calculated from CV test. Figure 6 shows the CV curves of SSCN catalysts with
different cobalt—nickel ratios in the potential range of 1.20~1.30 V and at different scanning
speeds (20~100 mV s™1). In the potential range, the transient non-Faraday current is only
caused by the structural changes of the double electric layer. Therefore, the actual surface
area of the electrode can be measured by studying the adsorption and desorption behavior
of the electrode surface through the non-Faraday current in this range. It can be seen from
the figure that the charge and discharge current of the double layer increases linearly with
the increase of scanning speed. The Cq values of SSCN82, SSCN64, SSCN55, SSCN46,
and SSCN28 catalysts were 1.92,1.77,1.71, 1.36, and 1.32 mF cm ™2, respectively. SSCN82
has the highest C4; value and reactivity area, so it has the best catalytic activity among all
SSCN catalysts.
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Figure 5. OER and ORR activities of SSCN. (a) OER polarization curves of SSCN28, SSCN64, SSCN55,
SSCN46, and SSCNB82 catalysts obtained in 0.1 M KOH solution with a scan rate of 5 mV s~1 and
(b) the corresponding Tafel plots of SSCN catalysts. (c) ORR polarization curves of SSCN28, SSCN46,
SSCNb55, SSCN64, and SSCN82 obtained in O,-saturated 0.1 M KOH solution at 1600 rpm, and (d) the
corresponding Tafel plots of SSCN catalysts. (e) Electron-transfer number (1) of SSCN catalysts.
(f) Electrochemical impedance spectra at 1.664 V vs. RHE.
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Figure 6. CV curves of (a) SSCN82, (b) SSCN64, (c) SSCN55, (d) SSCN46, and (e) SSCN28 catalysts
obtained with different scan rates (20~100 mV s~!) between a potential range of 1.20~1.30 V vs. RHE.

3. Materials and Methods

Smy 5510 5C01_xNixOs3_5 (SSCN,x=0.2,0.4, 0.5, 0.6, and 0.8) nanofibers were synthesized
by the electrospinning method. Stoichiometric amounts of samarium nitrate (Sm(NO3)3-6H,0),
strontium nitrate (Sr(NOj3),), cobalt nitrate hexahydrate (Co(NO3),-6H;0), and nickel nitrate
(Ni(NO3),-6H,0) with the molar ratio of 0.5:0.5:1-x:x were added into N, N-dimethyl
formamide (DMF) under stirring. Then, polyvinylpyrrolidone (PVP) was dissolved into
the above solution under constant stirring for several hours to form a clear and homo-
geneous electrospinning precursor solution. The electrospinning method was applied to
synthesize the SSCN precursor nanofibers. Then the precursors were dried in a vacuum
drying chamber at 150 °C for 4 h to remove the excess solvent, and subsequently calcined
at 800 °C for 2 h in air with a rate of 3 °C min~!, obtaining the Smg 55r( 5Cog gNip203—5,
Sm 5510 5C006Nip4O03_5, Smgs5rg5C005Nip503-_5, Smgs55rg5C004NigeO3-5, and
Smy 5510 5C0p2NiggOs_ s samples. Accordingly, the samples were denoted as SSCN82,
SSCN64, SSCN55, SSCN46, and SSCN28, respectively.

Thermal gravimetric analysis (TGA) was investigated by a simultaneous thermal ana-
lyzer (STA 449 F3) with a scanning rate of 5 °C min~!. Scanning electron microscopy (SEM)
and energy dispersion X-ray spectrometer (EDX) were operated by Hitachi 5-4300 with the
accelerating voltage of 10 kV. The phase composition of SSCN samples was characterized
by X-ray diffraction (XRD, D 8, Germany BRUKER-AXS) with Cu-K« radiation. The X-ray
photoelectron spectroscopy (XPS) analysis was operated using an ESCALAB 250 Xi with
Mg-Ku« radiation.

The electrochemical measurements were manipulated by the RRDE-ALS rotate disk
electrode system and CHI 760E electrochemical workstation in three-electrode mode. GCE
was used as the working electrode with a diameter of 4 mm, platinum wire as the counter
electrode, and Ag/AgCl as the reference electrode. A 0.1 M KOH solution was used as
the electrolyte. Before electrochemical tests, oxygen was introduced into the electrolyte
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solution at least for 30 min to obtain the O,-saturation solution. Linear sweep voltam-
metry (LSV) curves were examined at the rotating rate of 1600 rpm and the scan rate of
5mV s~ L. The electron transfer number (1) during the ORR process was calculated by the
following equation:

4 X< Liisk

n=———"“4%
Liisk + Iring /N

where g is the disk current, and I, is the ring current. N (= 0.4) is the theoretical current
collection efficiency of the Pt ring. The electrochemical impedance spectroscopy (EIS) was
obtained with 5 mV amplitude within 100 kHz to 0.1 Hz.

4. Conclusions

Sm 5515 5C01 _xNixO3_5 (SSCN, x = 0.2, 0.4, 0.5, 0.6, and 0.8) nanofibers were suc-
cessfully synthesized by electrospinning method. The synergistic effect of Co and N and
the three-dimensional structure of SSCN nanofibers result in a good catalytic activity. In
0.1 M KOH electrolyte solution, SSCN82 with the optimum Co: Ni molar ratio exhibits
good ORR/OER catalytic performances and electrochemical double-layer capacitance. The
SSCNB82 nanofibers are a promising cathode electrocatalyst for metal-air batteries.
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Abstract: The exploration of earth-abundant electrocatalysts with high performance for the oxygen
evolution reaction (OER) is eminently desirable and remains a significant challenge. The composite of
the metal-organic framework (MOF) Ni;¢Co-BTC (BTC = 1,3,5-benzenetricarboxylate) and the highly
conductive carbon material ketjenblack (KB) could be easily obtained from the MOF synthesis in the
presence of KB in a one-step solvothermal reaction. The composite and the pristine MOF perform
better than commercially available Ni/NiO nanoparticles under the same conditions for the OER.
Activation of the nickel-cobalt clusters from the MOF can be seen under the applied anodic potential,
which steadily boosts the OER performance. NijgCo-BTC and NijgCo-BTC/KB are used as sacrificial
agents and undergo structural changes during electrochemical measurements, the stabilized materials

show good OER performances.
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molecules27041241 The depletion of fossil fuels and their direct correlation in increasing global greenhouse
gas emissions through their combustion show that the development of new sustainable
clean energy sources is required [1-3]. A possible solution is coupling renewable energy
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Up to date electrocatalysts based on noble metals, such as ruthenium and iridium,
together with their oxides RuO; and IrO,, are the OER-catalysts with the best performance,
independently of the pH of the electrolyte [19-21]. However, the scarcity and high costs
of these noble metals severely hinder a large-scale industrial application. Subsequent
research has been directed towards the development of non-noble metal alternatives for
the OER [22,23]. Research focuses on finding active, stable and inexpensive electrocatalysts,
where especially 3d-transition-metals such as Fe, Ni and Co are of high interest [7,24,25].
Recently metal-organic frameworks (MOFs) and MOF-based electrocatalysts have been paid
much attention [26,27]. MOFs are potentially porous, crystalline coordination networks
with metal nodes and bridging organic ligands [28,29]. MOFs have been investigated as
electrocatalysts due to their high porosity, large surface areas, diversity of composition and
structure [27,30-33]. MOFs can be used directly for electrocatalytic reactions, but they have
drawbacks like (i) low electrical conductivity, (ii) mass transport problems of reactants,
products and electrolyte ions through their micropores, (iii) lack of stability especially in
highly acidic or alkaline aqueous environments [34]. Because of those drawbacks, MOFs
are often employed as precursors or sacrificial agents to construct structured carbon-based
metal oxide materials as efficient electrocatalysts [27,32,35]. To increase the low electric
conductivity and the electrocatalytic performance of MOFs carbon supports are added such
as graphene [36], carbon nanotubes (CNTs) [21] or ketjenblack (KB) [37]. The performance
of Ni-MOF electrocatalysts could be enhanced by the introduction of a second metal
such as cobalt or iron [35,38-41]. Our previous work has shown that a Ni(Fe)-MOF /KB
composite exhibited remarkable OER performance [34]. The MOF Ni-BTC and Ni(Fe)-BTC
(BTC =1,3,5-benzenetricarboxylate) have a fast charge transfer rate and high activity for the
OER [40,42]. A mixed-metal Ni(Co)-BTC MOF has only been used as a sacrificial agent to
give NiCo,Oy [35], which encouraged us to take a closer look at the activity of the pristine
MOF and the composite material including KB for the OER in this work.

2. Results and Discussion
2.1. Synthesis and Characterization of the Ni-BTC Analogs

The Ni-BTC structure is identical to the Cu-BTC or HKUST-1 structure (HKUST = Hong
Kong University of Science and Technology) [43] both are built by dinuclear metal(II)-
secondary building units (SBUs), which are connected by BTC in a paddle-wheel fashion
to a three-dimensional network of formula [Ni3(BTC),] [43,44]. The composite of NijoCo-
BTC and KB, named NijgCo-BTC/KB was generated through a facile MOF synthesis
in the presence of ketjenblack (KB) in a one-step solvothermal reaction at 170 °C for
48 h from a mixture of Ni(NOj3),. 6 H,O, Co(NO3),. 6 HyO (molar Ni:Co ratio 10:1),
1,3,5-benzenetricarboxylic acid (H3BTC), 2-methylimidazole (2-MelmH), and KB in N,N-
dimethylformamide (DMF) (Figure 1). NijpCo-BTC and NijgFe-BTC were synthesized
for comparison. Ni-BTC and the mixed-metal analogs are obtained as the dimethylamine
adduct [Ni3(BTC),;(Me,NH);3] at the axial metal position with Me,NH being a hydrolysis
product of DMF [43] (from the CHN elemental analysis data in Table S1, Supporting
Information (SI)).
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Figure 1. Schematic illustration of the NijgCo-BTC/KB composite synthesis.

A well-known phenomenon in mixed-metal MOF synthesis is that the incorporated
metal ratio can differ from the starting material ratio and must be post-synthetically quanti-
fied. To quantify the amount of Co and Fe in the synthesized Ni;gCo-BTC and NijoFe-BTC
flame atomic absorption spectroscopy (AAS) was conducted post-synthetically, resulting in
a molar Ni:Co ratio of 11:1 for NijgCo-BTC and a molar Ni:Fe ratio of 11:1 for NijgFe-BTC
(Table 1).

Table 1. SEM-EDX and AAS results of the mixed-metal samples.

Sample SEM-EDX AAS*
Molar Ratio Metal wt.% Approximate Molar Ratio
Ni Fe/Co Ni Fe/Co Ni Fe/Co
NijgFe-BTC 9 1 16.7 1.5 11 1
Ni;gCo-BTC 7 1 16.3 1.5 11 1
Ni;gCo-BTC/KB 7 1 10.6 13 8 1

* Atomic absorption spectroscopy. Weighted samples were heated to dryness with aqua regia for two times and
afterwards stirred with aqua regia overnight. The solution was carefully filtered and diluted with Millipore
water to a volume of 25 mL. The resulting solutions were further diluted with Millipore water (1:50) for the AAS
measurements.

From the AAS determined metal wt.%, the mass fractions of the MOF in the KB
composites were calculated as 67 wt.% NijgCo-BTC together with 33 wt.% KB.

Powder X-ray diffraction (PXRD) patterns of NijgFe-BTC, Ni;oCo-BTC, Ni;(Co-BTC/KB,
KB and a simulated diffraction pattern of Ni-BTC are illustrated in Figure 2a. The pristine
MOF samples NijgFe-BTC and NijgCo-BTC exhibit the same reflexes as the simulated pat-
tern of Ni-BTC. The composite NijgCo-BTC/KB also demonstrated a PXRD pattern, which
agrees to the simulated pattern of Ni-BTC and also the pristine MOF Ni;(Co-BTC. The
aforementioned PXRD patterns show that the addition of amorphous KB in the synthesis
did not influence the MOF crystal growth and structure significantly [45,46]. Apart from
the reflexes of the simulated Ni-BTC MOF there are no additional reflexes in the diffraction
patterns of the samples, which reveals that no iron or cobalt(oxy)hydroxides formed in
the synthesis. This indicates that the second metal (iron or cobalt) was well incorporated
into the structure of the Ni-BTC MOF. Pure KB displayed three broad diffraction peaks
corresponding to the (100), (002), (101) planes of amorphous carbon [47,48].
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Figure 2. (a) PXRD patterns of experimental NijgFe-BTC (red), NijgCo-BTC (green), Ni;oCo-BTC/KB
(orange), KB (blue) and simulated Ni-BTC (black) (CCDC Nr. 802889); (b) FI-IR spectra of NijgFe-BTC
(red), NijgCo-BTC (green), NijgCo-BTC/KB (orange) and KB (blue).

Fourier transform infrared (FT-IR) spectra (Figure 2b) of the Ni-BTC analogs demon-
strate the same characteristic bands (listed in Table S2, SI) which are in a good agreement
with the literature [39]. A broad band in the region of 3600-3000 cm™! and a band around
1650 cm ! can be attributed to the stretching and bending vibrations of -OH group from
adsorbed or coordinated water [43,49-51]. Characteristic vibrations of a Ni-O bond 577—-
460 cm~! [51] and of carboxylate-groups 1617-1556 cm~! (asymmetric vibration) and
1439-1364 cm ™! (symmetric vibration) can be observed in all samples [50,52]. Vibrations
of a Fe-O bond are reported at 538 and 634 cm~! and of a Fe,Ni-O bond at ca. 720 cm ™!,
which is also in the range of the vibration of a Co-O bond (725 cm 1) [53-55]. Fe-O could
not be detected and the Fe;Ni-O and Co-O bonds are all in a similar range to each other
and to aromatic vibrations (Table S2, SI).

The specific Brunauer-Emmett-Teller (BET) surface areas and pore volumes of the
materials were derived from nitrogen-adsorption isotherms at 77 K (Figure 3a) and are
given in Table S3, SIL.
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Figure 3. (a) Np-sorption isotherms at 77 K (Adsorption: filled circles; desorption: empty circles),
(b) pore size distributions of NijgFe-BTC (red), Ni;gCo-BTC (green), NijgCo-BTC /KB (orange) and
KB (blue).
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The BET surface areas of the Ni-BTC analogs (NijgFe-BTC: 555 m?/g, NijoCo-BTC:
303 m?/g and NijgCo-BTC/KB: 596 m?/g) are all in the range of reported values for neat
Ni-BTC (Ni-BTCpyE,/pron: 198 m?/g and 252 m?/g, Ni-BTCgion: 551 m?/g; Ni-BTC:
0.286 cm?/ g) [56,57]. NijgFe-BTC and NijgCo-BTC show a type I isotherm revealing their
microporosity with a steep gas uptake at low relative pressure followed by a plateau [58-60].
KB is a porous carbon material with a BET surface area of 1415 m2/ g, a pore volume of
1.59 cm?/g (Table S3, SI) and mesopores, which are mostly around 4 + 2 nm (Figure 3b).
The adsorption isotherm branch of KB is a composite of a type I and II isotherm and
the desorption isotherm branch additionally displays a H4 hysteresis, both being often
indicators for micro-mesoporous carbons [58]. The nitrogen sorption isotherm and BET-
surface area of the composite NijgCo-BTC/KB is a superposition of the isotherms of the
MOF and KB components (Figure 3a). This superposition also holds for the pore-size
distribution of the individual components in the composite (Figure 3b). The bimodal
pore size distribution of NijgCo-BTC/KB with maxima at ~2 nm and ~4 nm reflects the
contributions from the MOF and KB. Consequently, the BET surface area and pore volume
of the Ni;gCo-BTC/KB composite with 596 m?/g and 0.45 cm?/g, respectively, are higher
than the surface area and pore volume of neat Ni;gCo-BTC (303 m? /g, 0.15 cm®/g) but still
lower than the calculated BET surface area (670 m?/g) as determined from the sum of the
mass-weighted S(BET) of KB (33 wt.%) and MOF (67 wt.%) (Equation (3) [34]):

£.% of KB £.% of MOF
S(BET) e, = o X S(BET)g + 0o

calc. 100 X S(BET)MOF (3)

The slightly lower BET surface area can be due to pore blocking effects or formation of
the MOF in the mesopores of KB, as evidenced by the large reduction of the incremental
mesopore volume in Figure 3b.

Thermogravimetric analyses (TGA) under N, atmosphere yield a similar curvature
for all Ni-BTC analogs (Figure S1, SI). In the range of 30-320 °C the initial weight losses
until decomposition can be attributed to the loss of crystal solvent molecules (DMEF, H,O)
incorporated in the cavities [61]. After complete solvent loss the BTC-linker together with
the MOF structure decomposes around 350-600 °C (Lit. 337-450 °C) (mass change of
54-57 %, Figure S1, SI) [56,60]. The TGA curves are in agreement with reported curves for
NiCo-BTC and Ni-BTC [35,43,60,61].

Scanning electron microscopy (SEM) images of NijgFe-BTC (Figure 4a) present spher-
ical and cubic particles, which is in accordance with the literature [40]. Nij(Co-BTC
(Figure 4b) has irregular shaped aggregates similar to reported Ni-BTC [40]. The KB parti-
cles (Figure S3, SI) are smaller than the MOF particles, and do not have a clearly defined
shape. In the composite material Ni;gCo-BTC /KB (Figure 4c) the MOF particles are covered
by KB. SEM-energy-dispersive X-ray spectroscopy (EDX) was conducted for the mixed-
metal MOFs (Figure 4 and Figure S2, SI) and KB (Figure S3, SI). For the mixed-metal MOFs
SEM-EDX metal element mapping (Figure 4) reveals a good superposition of the two
different metals. It is evident that the mapping of nickel and iron or cobalt of NijgFe-BTC
and Ni;gCo-BTC, respectively, is more visible than for NijgCo-BTC/KB, where the KB
partially covers and masks surface of the MOF particles.
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Figure 4. SEM images (top row), SEM-EDX metal element mappings (two middle rows) and EDX
spectra (bottom row) for (a) NijgFe-BTC, (b) NijgCo-BTC and (c) Ni;gCo-BTC/KB.

The metal contents of the mixed-metal samples were quantified by SEM-EDX and
atomic absorption spectroscopy (AAS) and are compared in Table 1. The SEM-EDX results
are more indicative of the metal ratio of the surface of the samples and the AAS results
quantify the metal ratio of the bulk samples. For the synthesis of all materials a starting
molar ratio of 10:1 was used for nickel to iron or cobalt. NijgFe-BTC and Ni;oCo-BTC give
similar AAS results with a ratio of approximately 11:1 (Ni:Fe/Co), which is close to the
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used 10:1 molar ratio for the synthesis. The AAS of the composite material NijoCo-BTC/KB
results in a Ni:Co ratio of approximately 8:1, which is a little lower than the implemented
molar ratio in the beginning.

2.2. Electrocatalytical Results

The OER performance of all samples was checked using a three-electrode system
with rotation disk electrode in 1 mol/L KOH electrolyte. The electrochemical kinetics
of the samples were evaluated by comparison of the Tafel slopes derived from linear
sweep voltammetry (LSV) curves after the activation. Apart from the overpotential and
Tafel slope the stability of the electrocatalysts were examined by comparing the overpo-
tential before and after 1000 cyclic voltammetry cycles (CVs). Details are given in the
experimental section.

The LSV curves in Figure 5a,b show that NijgFe-BTC reaches the highest current
density before the stability test in comparison to the reference commercial Ni/NiO nanopar-
ticles, NijgCo-BTC, NijpCo-BTC/KB and KB. The LSV curves in Figure 5b display that
the current density of NijgCo-BTC/KB was higher than that of the pristine MOF or KB
before the stability test, which could be due to a conductivity enhancement effect by the
introduction of KB. After the stability test the achieved current density of the pristine MOF
is higher than the composite and both are higher than the current density of KB. The cur-
rent densities of NijgFe-BTC and of KB have declined after the stability test. NijgCo-BTC,
Nij9Co-BTC/KB and the commercial Ni/NiO nanoparticles reach a higher current density
after the stability test. The peaks from 1.3 to 1.4 V vs. RHE in Figure 5b originated from
the redox reaction of Ni2*/3*+ [35,62,63]. The redox peaks are less visible for NijgFe-BTC,
which is due to the well-known suppressor effect of Fe for the Ni**/3* oxidation [64-66].
The changed current densities before and after the 1000 CVs already depict that an acti-
vation is taking place in case of the NiCo samples and the Ni/NiO nanoparticles. The
efficiency of an electrocatalyst is normally checked with the overpotential at a current
density (j) of 10 mA /cm?, which relates to the approximate current density expected for
a 10% efficient solar-to-fuel conversion device under sun illumination [13,67,68]. To have
a more defined indicator the initial overpotential and the overpotential after the stability
test to reach 10 mA /cm? should be considered. NijgFe-BTC reaches 10 mA /cm? with an
initial overpotential of 346 mV and an overpotential of 344 mV after the stability test. The
measurement done after the stability test shows nearly identical values, which indicates
that the material is stable in its OER performance. The results show that NijgFe-BTC
has a relatively good OER performance. The overpotentials needed to reach 10 mA /cm?
before and after the stability test and Tafel slopes for KB, NijgCo-BTC /KB, Nij(Co-BTC
and Ni/NiO nanoparticles including the results of NijgFe-BTC are listed in Table S4, SI.
NijgCo-BTC (1 = 378 mV — 337 mV), NijpCo-BTC/KB (n = 366 mV — 347 mV) MOF
samples and the Ni/NiO nanoparticles (n = 370 mV — 358 mV) all give a decreasing
overpotential, which indicates an activation of the materials and an increased OER activity.
The improvement of the activity of the materials reveal that the prior activation (10 CVs)
was not sufficient and it also can correlate with the formation of, for example, a highly
OER active NiOOH layer [69]. Only KB demonstrated a higher overpotential afterwards
(m =376 mV — 422 mV). KB exhibits worse OER activity after 1000 cycles due to carbon
corrosion at high potentials in alkaline conditions [70,71]. The carbon corrosion can also
be the limiting factor of the composite, since after the 1000 CVs the NijgCo-BTC-derived
material provides the lowest overpotential with 337 mV. The Ni;pCo-BTC/KB composite
shows the best initial OER activity, but NijgCo-BTC has a stronger activation after the
stability test and consequently a higher activity.
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Figure 5. (a,b) LSV curves of NijgFe-BTC, Ni/NiO nanoparticles, KB, Ni;yCo-BTC/KB and Ni;gCo-

BTC before and after 1000 CVs, (c) overpotentials calculated from (a,b), (d) Tafel plots.

The Tafel slopes (Figure 5d) of NijgFe-BTC (47 mV /dec), NijgCo-BTC/KB (70 mV /dec),
NijgCo-BTC (87 mV /dec) and Ni/NiO nanoparticles (67 mV/dec) are in agreement with the
reported values of Ni-BTC (71 mV/dec), FeNi;p-BTC (60 mV /dec), FesNi-BTC (49 mV /dec),
FeNi-BTC (50 mV /dec) NiCo,04 (Precursor: NiCo-BTC) (59.3 mV/dec) and Ni(OH),
(65 mV /dec) [17,35,40]. The value of the Tafel slope can give insight into the rate deter-
mining step (rds) of the OER mechanism. Krasil’shchikov’s OER mechanism is one of
the more widely known mechanisms, which is described by Equations (4)—(7) with the

corresponding Tafel slopes b [72,73].

M +OH"™

MOH +OH™ =

= MOH + e~

MO +e”
MO — MO+e
2MO — 2M + O,

b =120 mV/dec

b = 60mV/dec
b =45 mV /dec
b =19mV/dec

(4)
©)
(6)
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For NijgFe-BTC (47 mV /dec) Equation (6) appears to be the rds of the OER mecha-
nism. The most likely rds of the OER mechanism of Ni;g(Co-BTC/KB (70 mV /dec) and
Ni/NiO nanoparticles (67 mV /dec) seem to be Equation (5). The Tafel slope of Nij¢Co-BTC
(87 mV/dec) is in between the values of Equations (4) and (5), which makes it difficult to
clearly assign it to one of the two reaction steps.

MOFs often act as sacrificial agents to generate structured carbon-based metal oxide
materials as efficient electrocatalysts [27,32,35]. To test the stability of the synthesized MOF
materials in the alkaline electrolyte Ni;gCo-BTC, Ni;gCo-BTC/KB and NijoFe-BTC were
soaked in 1 mol/L KOH for 24 h.

The PXRD patterns of all three samples (Figure 6) display transitions of the MOF
structures to their (oxy)hydroxides. NijgCo-BTC and NijgCo-BTC/KB (Figure 6a) exhibit
structural changes to «-Ni(OH), (ICDD:38-0715), 3-Ni(OH), (ICDD:14-0117), 3-NiOOH
(ICDD:06-0141) and/or y-NiOOH (ICDD:06-0075) [74]. The relationship between these
nickelhydroxides and oxidehydroxides is explained in the Supplementary Information. It
is presently not possible, however, to quantify the components in a mixed «/3-Ni(OH),
sample from XPS results [75]. According to literature [75] x- and (3-Ni(OH), could be
possibly distinguished from each other by FT-IR spectroscopy. FI-IR spectra for the samples
after letting them soak in 1 mol/L KOH for 24 h only indicated also the formation of
a- and 3-Ni(OH), albeit without being able to differentiate between them (Figure S7
and Table S5 in the SI). The diffraction patterns for x-Co(OH), and y-CoOOH match
the given Ni(OH); and NiOOH diffraction patterns [76]. Similar to NijgCo-BTC and
NijoCo-BTC/KB the PXRD pattern of NijgFe-BTC after 24 h in 1 mol/L KOH (Figure 6b)
shows a clear loss of crystallinity of the material and indicates formation of «a-Ni(OH),
(ICDD:38-0715) and/or -FeOOH (ICDD: 29-0713) [74,77]. The change in the structure of
NigCo/Fe-BTC to Ni(OH),, Co(OH), and/or to NiOOH, CoOOH and/or FeOOH is in
agreement to reported observations [78]. The transition to their (oxy)hydroxides fits to
the activation which could have been seen through the decrease of their overpotentials
(Table S4, SI). Furthermore, transmission electron microscopy (TEM) images were made of
the synthesized MOF samples before and after the electrochemical stability tests (1000 CVs).
The TEM images (Figures S4-56, SI) also indicate that a transition of the original MOF
morphology takes place. The NijgCo-BTC/KB TEM images (Figure S6, SI) illustrate that
the larger MOF particle transformed into nanoparticles. The homogenous Ni;gCo-BTC
MOF particle (Figure S5, SI) changed into a carbon-based material, which contains metal
(oxy)hydroxides nanoparticles. The lattice spacings of both NiCo samples (Figures S5d
and S6c¢) could be obtained. The values of the lattice spacings fit to values of reported
Ni(OH); [79] and Co(OH),, which was formed during electrochemical tests of the MOF ZIF-
67 [80]. For NijgFe-BTC (Figure 54, SI) a loss of the former cubic shape of the particle can
be observed and out of the resulting new morphology no lattice spacings could be gained.
The changed morphology of all samples corroborates the structural changes, which could
be seen through the stability test of the synthesized materials in the alkaline electrolyte.
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Figure 6. PXRD patterns of (a) experimental NijyCo-BTC (orange), Ni;gCo-BTC /KB (green), NijgCo-
BTC, NijgCo-BTC/KB after 24 h in 1 mol/L KOH (brown and dark green) and simulated Ni-BTC
(black) (CCDC Nr. 802889), (b) experimental NijgFe-BTC (red), NijgFe-BTC after 24 h in 1 mol/L
KOH (purple) and simulated Ni-BTC (black) (CCDC Nr. 802889); «-Ni(OH), marked by an asterisk
(*) ICDD: 38-0715), 3-Ni(OH); marked by a diamond (4¢) (ICDD:14-0117), 3-NiOOH marked by
a circle (o) (ICDD:06-0141) and y-NiOOH marked by a triangle (¥) (ICDD:06-0075) and x-FeOOH
marked by a circle (e) (ICDD: 29-0713).

3. Materials and Methods
3.1. Materials

The used chemicals were obtained from commercial sources and no further purification
was carried out. Ketjenblack EC 600 JD was purchased from AkzoNobel, Amsterdam. The
Netherlands.

3.2. Synthesis of the Ni-BTC Analogs

Synthesis of NijgFe-BTC: NijoFe-BTC was synthesized according to the literature [40].
48 mg (0.11 mmol) Fe(NO3)3+ 9 H,O, 349 mg (1.2 mmol) Ni(NO3),+ 6 H,O, 205 mg
(0.98 mmol) H3BTC and 55 mg (0.67 mmol) 2-MelmH were dissolved in 15 mL DMF
at room temperature (RT) and stirred for 30 min. The prepared solution was transferred
into a Teflon-lined stainless-steel autoclave and then heated to 170 °C for 48 h. The re-
sulting dark olive-green precipitate was centrifuged (25 min, 5000 rpm). The precipitate
was washed one time with DMF and two times with EtOH and centrifuged again (15 min,
6000 rpm). The product was dried overnight in a vacuum drying cabinet at 90 °C and
<50 mbar.

Yield (NijpFe-BTC): 276 mg

Synthesis of NijgCo-BTC and NigCo-BTC/KB: NijgCo-BTC and Ni;(Co-BTC/KB
were synthesized according to the literature with some modifications [40]. Varying from
this synthesis procedure Co(INO3),+ 6 HO was used instead of Fe(NO3)3+ 9 H,O for the
synthesis of NijgCo-BTC and Ni;¢Co-BTC/KB.

For the NijgCo-BTC sample 35 mg (0.12 mmol) Co(NO3)»+ 6 HyO, 349 mg (1.2 mmol),
Ni(NO3)p+ 6 HyO, 205 mg (0.98 mmol) H3BTC and 55 mg (0.67 mmol) 2-MelmH were
dissolved in 20 mL DMF at RT and stirred for 30 min. For the Ni;yCo-BTC/KB sample the
same amounts were used and 70 mg KB additionally added. The prepared solution was
transferred into a Teflon-lined stainless-steel autoclave and then heated to 170 °C for 48 h.
The resulting dark olive-green (Ni;(Co-BTC) and black (Ni;gCo-BTC/KB) precipitates were
centrifuged (25 min, 5000 rpm). The precipitates were washed for one time with DMF and
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for two times with EtOH and centrifuged again (15 min, 6000 rpm). The products were
dried overnight in a vacuum drying cabinet at 90 °C and <50 mbar.

Yield (NijgCo-BTC): 328 mg

Yield (Nij9Co-BTC/KB): 357 mg

3.3. Materials Characterization

Powder X-ray diffraction (PXRD) measurements were performed at ambient tem-
perature on a Bruker D2 Phaser powder diffractometer with a power of 300 W and an
acceleration voltage of 30 kV at 10 mA using Cu-K« radiation (A = 1.5418 A). The diffrac-
tograms were obtained on a low background flat silicon sample holder and evaluated with
the Match 3.11 software. The samples were measured in the range from 5 to 50° 26 with a
scan speed of 2 s/step and 0.057° (26) step size.

Fourier transform infrared spectroscopy (FT-IR) spectra were recorded in KBr mode
on a Bruker TENSOR 37 IR spectrometer in the range of 4000400 cm ™.

Nitrogen sorption measurements were performed with a Nova 4000e from Quan-
tachrome at 77 K. The sorption isotherms were evaluated with the NovaWin 11.03 software.
Prior to the measurement the materials were first degassed under vacuum (<102 mbar)
at 120 °C for 5 h. Brunauer—-Emmett-Teller (BET) surface areas were determined from
the Ny-sorption adsorption isotherms and the pore size distributions were derived by
non-local density functional theory (NLDFT) calculations based on N at 77 K on carbon
with slit/cylindrical pores.

Thermogravimetric analyses (TGA) were carried out with a Netzsch TG 209 F3 Tarsus
device equipped with an Al crucible with a heating rate of 5 K/min under nitrogen
atmosphere.

CHN elemental analyses were conducted with a Vario Mirco Cube from Elementar
Analysentechnik.

Flame atomic absorption spectroscopy (AAS) was conducted with a PinAAcle 900T
from PerkinElmer. Weighted samples were heated to dryness with 15 mL of aqua regia for
two times and afterwards stirred with 10 mL of aqua regia overnight. The solution was
carefully filtered and diluted with Millipore water to a volume of 25 mL. The resulting
solutions were further diluted with Millipore water (1:50) for the AAS measurements.

Scanning electron microscopy (SEM) images were collected with a JEOL JSM-6510 LV
QSEM advanced electron microscope with a LaBg cathode at 20 kV. The microscope was
equipped with a Bruker Xflash 410 silicon drift detector and the Bruker ESPRIT software
for energy-dispersive X-ray (EDX) analysis which was used to record EDX spectra and EDX
mapping. The small amount of Cu, Zn and Au found in the EDX spectra are due to the
brass sample holder and the sputtering of the sample with gold prior to the investigation.

Transmission electron microscopy (TEM) images of the MOF samples before the
electrochemical tests were recorded on a FEI Tecnai G2 F20 electron microscope operated at
200 kV accelerating voltage equipped with a Gatan UltraScan 1000P detector. TEM samples
were prepared by drop-casting the diluted material on 200 um carbon-coated copper grids.
TEM images of the samples after the electrochemical tests were obtained using a FEI Titan,
80-300 TEM with a Cs corrector for the objective lens (CEOS GmbH) operated at 300 kV.
After the electrochemical test the electrode was rinsed in isopropanol and sonicated until
all the layers from the surface of the electrode were dissolved into the solution. Again,
the TEM samples were prepared by drop-casting the solution onto the TEM grid. Particle
sizes and size distribution were determined manually using the Gatan Digital Micrograph
software. For the size distribution over 150 individual particles were analyzed.

3.4. Electrocatalytic Measurements

The electrocatalytic OER measurements were conducted with a SP-150 Potentiostat
form BioLogic Science Instruments and with a three-electrode setup. As reference electrode
a mercury/mercury oxide (Hg/HgO) electrode was used. As counter electrode a Pt
wire was used. As working electrode, a rotating disc electrode (RDE), here a glassy
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carbon electrode (GCE), was used. For the electrocatalyst inks 8 mg of electrocatalyst was
dispersed in 1.5 mL isopropanol, 0.5 mL deionized water, and 20 L Nafion (5 wt.%) and
sonicated for 40 min. Catalyst loading was 0.2 mg/cm? by drop casting 10 uL ink on
the GC surface (geometric area of 0.196 cm?). All the powders dispersed well, forming a
stable and homogeneous ink. After drying, the film fully covered the GC electrode. All
the electrochemical measurements were conducted in 1 mol/L concentrated Ar-saturated
KOH electrolyte, which has been purged with O, for 20 min prior to the OER experiments,
with a rotation speed of 1600 rpm at RT. An activation protocol was used before the LSV
measurements by cycling the working electrode between 1.0 V and 1.7 V vs. RHE at a scan
rate of 100 mV /s for 10 cycles. The LSV polarization curves were recorded in a potential
range of 1.0 to 1.7 V vs. RHE at a sweep rate of 5 mV /s without iR correction. The potential
applied to the ohmic resistance was extracted later manually. The cycling stability was
measured by comparing LSV curves before and after 1000 cycles between 1.0-1.7 V with a
scan rate of 100 mV /s.

The measured potentials (vs. Hg/HgO) were converted in potentials vs. RHE with
the following Equation (8) [81]:

EruE = Eng/ng0) + 0.059pH + E° (11g/1150) ®8)

with Eryg = converted potential vs. RHE, Eyg/Hg0) = measured potential and E° g ,/150)
= standard potential of the Hg/HgO reference electrode.

The overpotential was calculated as shown in Equation (1): nogr = Eryg — E° (1.23 V).
To reduce the experimental contingency error, at least three repeated measurements were
carried out for a sample and the average curves with their error bars were compared in the
figures. The OER performance of MOF samples were compared with commercial Ni/NiO
nanoparticles (Alfa Aesar, Heysham, UK; VWR, International GmbH, Darmstadt, Germany)
and KB (AkzoNobel, Amsterdam, The Netherlands).

4. Conclusions

Different mixed-metal Ni-BTC analogs with cobalt and iron doping were synthesized,
characterized, tested for their performance in the OER and compared to the reference of
Ni/NiO nanoparticles and KB. The pristine MOFs Ni;gCo-BTC and NijgFe-BTC, as well as
the composite NijgCo-BTC/KB could be prepared easily through a one-step solvothermal
reaction. To compensate the shortcoming of low MOF conductivity for electrocatalysis,
the highly porous and conductive carbon material KB was added, which can also support
the transport of electrolyte ions and evolved gases. The MOF electrocatalysts are not
stable under the implemented alkaline conditions for the electrocatalytic measurements,
which again emphasizes that MOFs can be regarded as sacrificial agents. Nevertheless,
the resulting, stabilized materials all evince good performances in the OER. Comparing
the overpotentials of NijgCo-BTC (n = 378 mV) and Ni;(Co-BTC/KB (n = 366 mV) before
the stability test, the composite shows a better performance for the OER, but afterward,
the NijgCo-BTC-derived electrocatalyst exhibits a lower overpotential (337 mV) than the
Ni;gCo-BTC/KB-derived electrocatalyst (347 mV). This illustrates that the conductivity,
which could have been increased by introducing KB, is not the key factor limiting the OER
activity of the NijgCo-BTC-derived electrocatalyst. However, a clearly positive effect of KB
in the NijgCo-BTC/KB-derived material is a decreased Tafel slope with 70 mV declin
comparison to the NijoCo-BTC-derived material with 87 mV dec~!, which indicates a more
favorable kinetics of the OER for the composite-derived material. The NijgFe-BTC-dervied
electrocatalyst remains the most stable material in the electrochemical OER performance
(M = 346 mV — 344 mV) and has the lowest Tafel slope of 47 mV dec™!, showing that
the activity of Ni-electrocatalysts can be improved to some extent with incorporated iron.
The results of the Tafel analysis show that the introduction of KB in the NijgCo-BTC MOF
facilitates to overcome the kinetic barrier of the complex four electron-proton coupled OER
transfer process. The composite material NijgCo-BTC/KB and the presented protocol give
insight into the possibility of combining MOFs, as sacrificial agents, with KB to generate
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new MOF-based electrocatalysts for electrocatalytic reactions. Further research should
now be conducted to investigate potential other nickel-metal combinations to optimize the
electrocatalytic performance.

Supplementary Materials: The following supporting information can be downloaded online.
Table S1. Elemental analysis of the MOF samples. Table S2. Assignments of IR-bands of Ni-BTC
analogs (cm™1). Table S3. BET-surface areas and total pore volumes of the Ni-BTC analogs. Table S4.
Overpotentials (at 10 mA /cm?) and Tafel slopes for NijgFe-BTC, Ni;oCo-BTC, NijgCo-BTC/KB, KB
and Ni/NiO nanoparticles done with a GCE (loading: 0.2 mg/cm?) with a scan rate of 5mV/s in a
1.0 mol/L KOH electrolyte. Figure S1. TGA curves of (a) NijgFe-BTC, (b) Nij(Co-BTC, (c) NijpCo-
BTC/KB and (d) KB under N, atmosphere with a heating rate of 5 K/min. Figure S2. SEM-EDX
spectra of (a) NijgFe-BTC, (b) NijgCo-BTC and (c) NijgCo-BTC/KB. Figure S3. (a,b) SEM images and
(c) SEM-EDX spectra of KB. Figure S4. TEM images of NijgFe-BTC (a) before (shown particle size:
3.1 um) and (b—d) after 1000 CVs. Figure S5. TEM images of Nij9Co-BTC (a) before and (b—d) after
1000 CVs (shown particle size in (b): 2.8 um; displayed particles in (c) give the average diameter
of 20 nm + 9 nm; (d) the lattice spacings and grain boundaries are illustrated in red and red lines,
respectively). Figure S6. TEM images of NijgCo-BTC/KB (a) before (shown particle size: 4.4 pm)
and (b,c) after 1000 CVs ((c) the lattice spacings and grain boundaries are illustrated in red and red
lines, respectively.) and (d) histogram of Nij(Co-BTC/KB after 1000 CVs determined from (b) give
the average diameter of 5 nm + 1 nm (10). Scheme S1. Schematic relation between (3 -Ni(OH),,
«-Ni(OH),, B-NiOOH and y-NiOOH. Figure S7. FT-IR spectra of (a) NijgCo-BTC after 24 h in
1 mol/L KOH (dark green) and (b) comparison with NijoCo-BTC (green), (c) Ni;gCo-BTC/KB after
24 h in 1 mol/L KOH (brown) and (d) comparison with NijgCo-BTC/KB (orange), (e) NijgFe-BTC
after 24 h in 1 mol/L KOH (purple) and (f) comparison with NijgFe-BTC (red). Table S5. Assignments
of IR-bands of Ni-BTC analogs after 24 h in 1 mol/L KOH (cm™1). References [82-84] are cited in the
supplementary materials.
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Abstract: In this study, we present the facile formation of platinum nanoparticles (Pt-NPs) on
reduced graphite oxide (rGO) (Pt-NP@rGO) by microwave-induced heating of the organometallic
precursor ((MeCp)PtMe; in different tunable aryl alkyl ionic liquids (TAAIL). In the absence of rGO,
transmission electron microscopy (TEM) reveals the formation of dense aggregates of Pt-NPs, with
primary particle sizes of 2 to 6 nm. In contrast, in the Pt-NP@rGO samples, Pt-NPs are homogeneously
distributed on the rGO, without any aggregation. Pt-NP@rGO samples are used as electrode materials
for oxygen reduction reaction (ORR), which was assessed by cyclic voltammetry (CV) and linear
sweep voltammetry (LSV). The electrochemical surface area (ECSA) and mass-specific activity (MA)
increase up to twofold, compared with standard Pt/C 60%, making Pt-NP@rGO a competitive
material for ORR.

Keywords: platinum; nanoparticles; electrochemistry; oxygen reduction reaction; reduced graphite
oxide; microwave; ionic liquid; tunable aryl alkyl ionic liquid

1. Introduction

Platinum nanoparticles (Pt-NPs) are important catalysts and are often used as bench-
mark materials in the field of electrochemistry for the oxygen reduction reaction (ORR) [1-5],
the hydrogen evolution reaction (HER) [6,7], and the methanol oxidation reaction (MOR) [8-10].
In general, the stability, catalytic activity, and chemical selectivity of Pt-NPs depend strongly
on their size, shape, alloy composition, surface structure, and surface accessibility [2,5,11].
It is, therefore, important to control these parameters via the chosen synthetic method and,
if possible, influence multiple parameters at the same time during NP synthesis [2,5,11].

Smaller Pt-NP sizes show higher metal-mass-based catalytic activity than larger parti-
cles or bulk-material [5,11,12]. At the same time, a crucial issue for NPs is their tendency to
coalescence, which can occur as agglomeration or Ostwald ripening, increasing their size
and reducing the catalytic activity, thus requiring stabilizers [13-15].

We have recently reported the wet-chemical synthesis of Ru- and Ir-NPs in tunable aryl
alkyl ionic liquids (TAAILSs) based on the 1-aryl-3-alkyl-substituted imidazolium motif [16].
Ionic liquids (ILs) are salts with a melting point below 100 °C and can be used as solvents
and as stabilizing agents for M-NPs, due to their high ionic charge, polarity, dielectric
constant, and electrostatic and steric interaction with the M-NPs [13-15,17,18]. All used
TAAILSs were suitable for the formation of very small (<5 nm) NPs, which were stable over
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months in the IL medium. An interesting observation was that the nanoparticle separation
and aggregation varied strongly as a function of the aryl substituent of the TAAILs.

In addition, Supporting Materials can stabilize M-NPs, allowing for easier handling of
the M-NPs and providing for additional tuning options for applications. Carbon materials
as support for Pt-NPs are commonly used in the field of electrochemistry because of
their high electrical conductivity, low weight, low cost, easy production, and manifold
structures [6,19]. Our group has already shown the usage of (thermally) reduced graphite
oxide (rGO, also known as TRGO) as M-NP support [20,21], which also offers remarkable
properties as support for electrode materials [22-24]. rGO increases the electrochemical
activity of Pt-NPs [19], stabilizes very small M-NPs [25,26], and offers improved protection
for supported NPs against poisoning, compared with available standard carbon black
materials [20]. Since rGO provides less functional groups that can interact with M-NPs
than graphite oxide, the deposition of Pt-NPs on rGO (Pt-NP@rGO) in ILs remains difficult
and was only successful after additional rGO functionalization with thiol groups [20] to
improve the interaction between Pt-NPs and its support. Alternatively, porous organic
polymers with donor atoms such as covalent triazine frameworks (CTFs) were successfully
used as support [27].

In this article, we present a simple and facile way to deposit Pt-NPs in situ on rGO
during a microwave-assisted reaction in ionic liquids. Novel imidazolium-ILs, which are
distinguished aryl and alkyl substitutions, are used as reaction media as well as stabi-
lizing agents. We also show that the obtained Pt-NP@rGO are electrochemically active
as heterogeneous catalysts for ORR, a vital reaction for proton exchange membrane fuel
cells (PEMFC).

2. Results
2.1. GO and TAAIL Presentation

rGO was synthesized in a two-step oxidation-thermal reduction process according to
procedures by Hummers [28], as described in more detail in our previous studies [20,21],
with the thermal reduction occurring at 400 °C. CHNS elemental analysis showed a weight
percentage (wt%) of 80% carbon, which indicates that functional oxygen-containing groups
still remain on the surface of rGO [21]. The exact values can be found in the Supporting
Information (SI), Table S2.

The synthesis and characterization of the TAAILs used here were described else-
where [15,29,30]. TAAILs refer to 1-n-alkyl-3-arylimidazolium ILs (Scheme 1). The length
of the n-alkyl chain varies here between 4 and 11 carbon atoms, and the aryl groups were
4-methoxy-, 2,4-dimethyl, 4-bromo- and 2-methylphenyl.

Cy n=4 [\ @/ \
Lo ® N.. N-
Cs: n=5 /N\//Nf/ X CnHonsq
Co: n=9 o o
Ciy: n=1 NTf, NTf;
[BMIM][NTf;] [Phy_pelmC lINTT;]
(M4) (MPn)
N N e
/@’ o TCHan NVN\C17H7II-1
/O NTF,® NTF,>
[Pha_omelMCA[NTT,] [Ph2,4.melMC,JINTF;]
(MOPn) (DMPn)

Scheme 1. Structures of utilized tunable aryl alkyl ionic liquids (TAAIL) with 1,3 disubstituted
imidazolium cations and the bis(trifluoromethylsulfonyl)imide anion. The abbreviation is derived
from the phenyl substitution and the alkyl chain length.
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The TAAILSs can be obtained on a large gram scale, and the synthesis allows manifold
variations of the aryl and alkyl groups [15,29,30]. The anion purity of the TAAILs was
characterized via ion chromatography and has always been found above at least 97% and
more often 99%. Thermogravimetric analysis (TGA) of the TAAILs showed decomposition
between 400 °C and 426 °C, which allows them to be used in the Pt-NP-forming microwave
reactions at ~200 °C.

2.2. Pt-NP Synthesis and Characterization

Following previous research [13], (n’>-methylcyclopentadienyl)trimethylplatinum(IV)
((MeCp)PtMes) was used as a Pt precursor, which can be decomposed in various ways (ther-
mal, photolytic, sonolytic) at relatively mild conditions and without any additives [13,20].
The decomposition of the precursor produces volatile side products, which do not contami-
nate the NP surface [31-33].

The general synthetic procedure of the Pt-NPs is depicted in Scheme 2. Fixed amounts
of Pt precursor and rGO were suspended in the IL to achieve 1 wt% or 2 wt% Pt-NP and
0.5 wt% or 1 wt% rGO in the IL dispersion. After stirring overnight and for 3 h of sonication,
the dispersion was placed in a microwave reactor, heated at 40 W to 200 °C, and kept at
this temperature for 10 min. Black Pt-NP@rGO dispersions were reproducibly obtained.

IL
1/2 wt% Pt
M
@ ® (0.5/1 wt% rGO)
—_—_—

Me/P{’“Me MW, 200 °C

Me 10 min, 40 W
(MeCp)PtMe5 Pt nanoparticles

Scheme 2. Reaction conditions for the synthesis of platinum nanoparticles (Pt-NPs) via microwave-
induced heating in ionic liquids (ILs). The mass of the Pt precursor was set to achieve 1 wt% or 2 wt%
Pt-NP in the IL dispersion upon complete decomposition (0.5 wt% or 1 wt% reduced graphite oxide
(rGO) used for Pt-NPs stabilized on rGO (Pt-NP@rGO) in brackets).

Selected samples and their respective particle size determined via transmission elec-
tron microscopy (TEM) are shown in Table 1. In the Supporting Information, Table S1, a
full list of prepared samples is given. The nanocrystallinity of the Pt particles was verified
by powder X-ray diffraction (PXRD) (Figure 1 and Figures S2-56 in the Supplementary
Information). The Pt-NPs form in the face-centered cubic (fcc) structure, typical for crys-
talline Pt. The comparison of the crystallite sizes of the NPs calculated with the Scherrer
equation (Section 4.1, Equation (1)) and the Pt-NP sizes determined via TEM showed a very
good agreement (Table S1, Supplementary Information). Furthermore, thermogravimetric
analysis (TGA) of elected samples (Figure 528 in the Supplementary Information) gives
a residual Pt mass between 41 wt% and 54 wt% or a reciprocal combined rGO and IL
content between 46 wt% and 59 wt%. The mass-temperature profile in TGA did not allow
a distinction between rGO and IL. From an estimate of the IL content by CHNS analysis
(Table S2), the rGO mass was then approximated between 40 wt% and 54 wt% (Table S4).

Similar to Ir-NPs, Ru-NPs [15], and Pt-NPs [13], the microwave-assisted heating of the
platinum metal precursor (MeCp)PtMej3 in ionic liquid dispersion results in small M-NP
sizes, largely between 2 nm and 5 nm. The efficient energy uptake of ILs enables fast
heating and results in rapid decomposition of the Pt precursor with a high nucleation rate
of Pt-NPs, which themselves then absorb microwave radiation. This leads to “hot spots”,
with a further increase in localized temperature. Small particle sizes can only be achieved if
the TAAIL is able to stabilize the newly formed NPs from the very beginning of the growth
process. The Pt-NPs show similar sizes mostly independent of the choice of TAAIL and the
wt% Pt to IL (Table S1, Supplementary Information). An exception is the TAAIL with the
4-methoxyphenyl substituent (MOP5 to MOP11), where also larger particles, up to 6 nm,
were obtained.
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Table 1. Summary of Pt-NPs and Pt-NP@rGO in tunable aryl alkyl ionic liquids (TAAILs). Further
information can be found in Table S1 in the Supplementary Information.

Sample Name X/Y = wt%

Average Particle Size 2

PUYGO TAAIL Used wit% Pt (X/-) wt% rGO ! (-/Y) [nm]
M4-1 [BMIm][NT#;] 1 - 1
M4_rGO-1/1 [BMIm][NTf;] 1 1 2+1
MP4-1 [th_MeImC4][NTf2] 1 - 541
MP4_1‘GO-1/1 [th_MeImC4][NTf2] 1 1 3+1
MP5-1 [th_MeImC5][NTf2] 1 - 4+1
MP5_rGO-2/1 [Phy.peImCs][NTH, ] 2 1 2+1
MP9-1 [th_MeIng][Nsz] 1 - 441
MP9_rGO-1/0.5 [Phy_peImCo][NTH; ] 1 0.5 3+1
DMP9-1 [Ph2,4_MeImC9][NTf2] 1 - 3+1
DMP9_I‘GO-1/1 [Ph2,4_MeImC9][NTf2] 1 1 6+1
MOP5-1 [Ph4_OMeImC5][NTf2] 1 - 2+1
MOP5_rGO-1/1 [PhyomeImCs][NTH, ] 1 1 5+1

1 wt% in TAAIL dispersion. 2 Average particle sizes obtained from transmission electron microscopy (TEM) mea-
surements. At least 200 particles were used for size determination. See Materials and Methods for more information.
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Figure 1. Powder X-ray diffraction (PXRD) patterns of synthesized Pt-NPs (a) and Pt-NP@rGO (b)
in ILs, together with the simulation for fcc-Pt and its indexed reflections (Crystallographic open
database fcc-Pt: 1011114). The -X and -X/Y numbers refer to wt% Pt (X) and wt% rGO (Y) in samples.
Additional PXRD patterns can be found in Figures S2-S6 in the Supporting Information (SI).

2.3. Pt-NPs Aggregation in TAAILs

As seen before for Ru- and Ir-NPs, [15], the TAAILs allow the microwave-induced
synthesis of Pt-NPs, but strong Pt-NP aggregation was observed (in the absence of rGO)
for all TAAILs, independent of the alkyl chain length or the aryl substitution (Supple-
mentary Information, Figures S7-527), whereas the comparative IL [BMIm][NTf;] gave
well-separated NPs (Figure 2 top, Figure S7). Different from the synthesis of Ru- and
Ir-NPs, [15] even the 4-methoxyphenyl- and 2,4-dimethylphenyl-TAAIL did not prevent
strong aggregation.

Aggregation, however, could be prevented upon deposition on rGO by performing
the (MeCp)PtMe3 precursor decomposition in the presence of rGO. Representative TEM
images of Pt-NPs synthesized in different TAAILs without and with rGO are shown in
Figures 2 and 3. The rGO-free samples consist of highly aggregated Pt-NPs, with large,
dense structures, with dimensions of several tens of nanometers. The degree of aggregation
for the Pt-NPs appears independent of the TAAIL.
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Figure 2. TEM images of Pt-NPs and Pt-NP@rGO composites obtained in the IL (from top to bottom)
[BMIm][NTf,] (M4-1, M4_rGO-1/1) and the TAAILSs [Ph 4 \eImCo][NTf, ] (DMP9-1, DMP9_rGO-
1/1) and [Phy.omeImCs][NTf, ] (MOP5-1, MOP5_rGO-1/1). TEM images for Pt-NPs are shown on the
left and for Pt-NP@rGO composites on the right. The rGO sheets on which the Pt-NP are deposited
are clearly seen by their wrinkles at lower magnification (e.g., Figures S10, S12, S16, S17, 519, S25, and
527 in the Supplementary Information).

In previous research, we discussed the necessity of thiol functional groups on rGO to
deposit Pt nanoparticles as Pt-NP@rGO when using the IL [BMIm][BF,] [20]. In contrast,
with the TAAILs used in this study (and also with the [NTf,]-IL M4 (Figure S8 in the
Supplementary Information)), Pt-NPs can be effectively stabilized on rGO without thiol
functional groups, resulting in a rather homogenous layer of Pt-NPs on the surface of
the rGO (Figures 2 and 3). Compared with the rGO-free samples, nearly no additional
agglomeration of NPs can be found, which indicates that the NPs are effectively anchored
to prevent aggregation.

The stability of prepared Pt-NPs and Pt-NP@rGO samples was followed by storing
them dried under air at room temperature for at least 6 months. PXRD patterns and the
calculated crystallite sizes (Equation (1)) from representative samples are given in Table S3
and Figures S3-56 in the Supplementary Information. Additionally, a TEM image of an
rGO-free and a Pt-NP@rGO sample after 1 year did not show significant particle growth or
changes in aggregation (Figures 526 and 527 in Supplementary Information).
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Figure 3. TEM images of Pt-NPs and Pt-NP@rGO composites obtained in the TAAILs (from top to
bottom): [Phy_ peImCy4][NTf,] (MP4-1, MP4_rGO-1/1); [Phy e ImC5][NTf,] (MP5-1, MP5_rGO-2/1);
[Phy e IMCo][NTE, ] (MP9-1, MP9_rGO-1/0.5). TEM images for Pt-NPs are shown on the left and for
Pt-NP@rGO composites on the right. The rGO sheets on which the Pt-NP are deposited are clearly
seen by their wrinkles at lower magnification (e.g., Figures S10, 512, S16, 517, S19, S25, and 527 in the
Supplementary Information).

2.4. Electrochemical Catalysis

The electrochemical performance of obtained Pt-NP@rGO for the ORR was examined
with commercial Pt/C 60% as internal benchmark material in comparison, to reduce de-
viations by the use of an external standard. As samples, MP4_rGO-1/1, MP5_rGO-2/1,
MP9_rGO-1/0.5, and MOP5_rGO-1/1 were chosen because of their low size and homo-
geneity, as depicted in Figure 4. The cyclic voltammogram (CV) curves were recorded in
Np-saturated 0.1 M HCIO4, with a sweep rate of 20 mV s~1 and, after 50 activation cycles,
against reversible hydrogen electrode (RHE, Figure 4a). Afterward, ORR polarization
curves (linear sweep voltammetry (LSV)) with a sweep rate of 10 mV s~ ! were recorded in
O;-saturated 0.1 M HCIO4. These measurements were repeated three times each, and the
respective combined average CVs and LSVs are shown in Figure 4a,b. The electrochemical
surface area (ECSA) was determined by integrating the hydrogen underpotential deposi-
tion (Hypq) charge (Hypq charge to surface area conversion constant: 210 uC cm™2) in the
obtained CVs, and, with the obtained LSVs, mass-specific activities (MAs) at 0.9 V were
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calculated. The obtained ECSA and MA are compared in Table 2 to the results of Pt-NPs
deposited on rGO via different reaction methods from previous studies of Badam et al. [34],
Das et al. [35], and Teran-Salgadon et al. [36].
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Figure 4. Results obtained via electrochemical measurements: (a) averaged cyclic voltammetry (CV)
in Np-atmosphere and at 20 mV s~! sweep rate of the four samples MP4_rGO-1/1, MP5_rGO-2/1,
MP9_rGO-1/0.5, MOP5_rGO-1/1, and a Pt/C 60% standard material; (b) averaged oxygen reduction
reaction (ORR) polarization curves (linear sweep voltammetry (LSV)) of the same samples in O;-
saturated atmosphere at 10 mV s~! sweep rate. From these data, (c) the electrochemical surface area
(ECSA) and (d) the mass-specific activity (MA) at 0.9 V were calculated.

Table 2. Electrochemical surface area (ECSA) and mass-specific activity (MA) of Pt-NP@rGO synthe-
sized with and without IL.

Sample Name IL Used ECSA ! [m? gp; 1] MA 1 [mA mgp; 1]
60% Pt/C - 36 £11 45+7
MP4_rGO-1/1 [Phy pveImCy J[NTH; ] 3/5+£2 86 £7
MP5_rGO-2/1 [Phy e ImC, JINT, ] 55+ 2 101 + 4
MP9_rGO-1/0.5 [Phy v ImC, J[NTH, | 33+3 68 + 12
MOP5_rGO-1/1 [Phy.omeImCy][NTH;] 16 £5 61 £13
Pt-TMIM-rGO [34] [C1,ImC; ][GO] 56.8 346
Pt/rGO (DMF) [35] - 28.1 26
Pt/rGO (HYD) [35] ; 18.2 7
Pt/rGO [36] - 14.0 92

! Standard deviation obtained by three measurements (see Materials and Methods, Section 4.3).

All CVs of the materials, shown in Figure 4a, have well-pronounced underpotential
hydrogen deposition-desorption areas between 0.05 V and 0.40 V, with MP4_rGO-1/1 and
MP5_rGO-2/1 having a larger area than the commercial Pt/C catalyst. No contaminations
or side reactions are recognizable in the CVs. The calculated ECSA, shown in Figure 4c,
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reveals the highest value for MP5_rGO-2/1, with a 1.5-fold increase, compared with Pt/C
60%, while the other samples show similar values as the benchmark material. This shows
that rGO can be effectively used as in situ carbon source, in addition to the most commonly
used Vulcan XC-72R, which is only added for preparing the catalyst ink. The ORR polar-
ization curves (Figure 4b) of the samples show better onset potentials than the benchmark
material and different current density plateaus between 0.20 V and 0.60 V. The presented
materials reach their respective plateau at higher voltages but at lower currents than Pt/C
60%. From the LSVs the mass-specific activity (MA) is calculated (Figure 4d). The highest
MA is achieved by MP5_rGO-2/1, with a promising twofold increase, compared with
the Pt/C 60% benchmark, while MP4_rGO-1/1, MP9_rGO-1/0.5, and MOP5_rGO-1/1 also
show an increase of more than 1.8-fold, 1.4-fold, and 1.25-fold, respectively, demonstrating
a better performance of Pt-NP@rGO for ORR than Pt/C 60%. Calculated Tafel plots of the
samples, shown in Figure 529 in the Supplementary Information, are similar to the Tafel
plot of Pt/C 60% and indicate a four-electron pathway, with the adsorption of oxygen as a
rate-limiting step [37]. The Koutecky—Levich plot calculated from LSVs of MP4_rGO-1/1
at different rotation speeds (Figures S30 and S31 in the Supplementary Information) also
shows a dominant four-electron pathway toward the ORR process.

A comparison of previous research on Pt-NP@rGO shows the highest ECSA and
MA for Pt-NP decorated on tetradecyl-methyl-imidazolium ionic liquid-treated graphene
(Pt-TMIm-rGO) by Badam et al. [34], albeit with a similar ECSA to the 55 m? gpt_l of
MP5_rGO-2/1. Notably, the MP_rGO samples have higher ECSA values, compared with
the results of the Pt/rGO probes of Das et al. [35] and Teran-Salgadon et al. [36], much
higher MA values than obtained by Das et al. [35] and similar to slightly smaller MA values
than given by Teran-Salgadon et al. [36]. From the comparison, it becomes evident that ILs
can significantly increase the catalytic activity of Pt-NP@rGO samples.

2.5. Stability Testing

MP4_rGO-1/1, the most active sample for ORR, was further analyzed with an elec-
trochemical stability test. After the material was activated via CV (20 cycles), 5k cycles
between 0.5 and 1.0 Vgxyg were carried out. The obtained LSVs and calculated MA after
activation and after 5k cycles are shown in Figure 5 and in Table 3.
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Figure 5. Electrochemical activity of the sample MP4_rGO-1/1 and Pt/C 60% as reference: (a) ob-
tained linear sweep voltammetry at 10 mV s~! sweep rate after the activation and after 5k cycles;
(b) calculated mass-specific activity at 0.9 V after activation and after 5k cycles.
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Table 3. Mass-specific activity at 0.9 V of the sample MP4_rGO-1/1 after activation and after 5k cycles.

Sample MA [mA mgp; 1]
Pt/C 60% activated 38
Pt/C 60% stability after 5k cycles 13
MP4_rGO-1/1 activated 83
MP4_rGO-1/1 stability after 5k cycles 45

The LSV of MP4_rGO-1/1 after 5k cycles shows a decrease in MA, by roughly 45%,
while Pt/C 60% loses more than 60% of MA. The activity loss of the sample can be explained
with the aid of TEM images obtained after the stability test, shown in Figure 6. When
compared with the freshly prepared NPs (Figure 3), the Pt-NP sample lost its small-size
homogeneity, with also larger NPs, for which sizes of over 20 nm were clearly visible. Since
this increase in size was not observed via PXRD and TEM for dried Pt-NPs, which were
stored in air at room temperature for half a year and up to one year, we assume that this
NP growth is linked to the ORR.

Figure 6. TEM images of the sample MP4_rGO-1/1 obtained after 5k stability test. Images were
measured with an FEI Titan 80-300 TEM.

We conclude that the NPs can be detached from the stabilizing rGO support during
potential cycling and start to agglomerate, losing their electrochemical activity. Since small
Pt-NPs remain on the GC surface and show electrochemical activity, the exact position of
the NP on the rGO might have an influence on this process, with NPs attached to inner
layers of the rGO being more stable. Although not visible, in images with small Pt-NPs,
the resolution to depict the rGO can be difficult because stacked or strongly wrinkled rGO
sheets might have been removed during ink preparation or electrocatalytic reactions. A
complete detachment of Pt-NPs of the rGO would be unlikely because the activity loss
would be much stronger with more NP agglomerates and no small NPs detectable.

3. Conclusions

Small Pt-nanoparticles (Pt-NPs) as dispersed in ionic liquids and in situ deposited on
reduced graphite oxide (rGO) (Pt-NP@rGO) can be obtained during a fast and effective
microwave-assisted thermal decomposition of (MeCp)PtMes without and with rGO added
and tunable aryl alkyl ionic liquids (TAAILs), as solvent and stabilizer. The particle size of
the obtained Pt-NPs can vary slightly, depending on the TAAIL, and lies between 2 & 1 nm
and 6 & 2 nm. Independent of the particle size, the Pt-NPs build dense aggregates. When
comparing the TAAILs as reaction media with each other, the length of the alkyl chain or
the aryl group only has an insignificant effect on the obtained particle size and aggregation.

For samples containing rGO, TEM images show that Pt-NPs build a layer on top of
the rGO surface and maintain a homogenous size. In addition, no particle aggregation
is observable, which demonstrates that rGO effectively anchors the obtained NPs and
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prevents their agglomeration. Pt-NPs and Pt-NP@rGO samples show good stability over at
least 12 months, with no increase in particle size and no further agglomeration observable.

Pt-NP@rGO samples on glassy carbon electrodes for the oxygen reduction reaction
(ORR) exhibit an up to a twofold increase in electrochemical surface area (ECSA) and
mass-specific activity (MA), compared with Pt/C 60%. MP5_rGO-2/1 achieved the best
performance of the analyzed Pt-NP@rGO samples, which all appear promising for ORR
and are worthy of further investigation. Since Pt-NP sizes between 2 nm and 3 nm are
known to be the most active size range for ORR, and TAAILs make this size range readily
available, their use as reaction media for Pt-NP preparation asks for further investigations.
An organometallic Pt precursor and TAAILs in the presence of carbon support, in combi-
nation with microwave-induced heating, offer fast access to Pt-based electrocatalysts on
the nanoscale.

4. Materials and Methods
4.1. Chemicals and Equipment

The following chemicals were received from commercial sources: Pt/C (60 wt%
Pt on Vulcan XC-72R, Sigma-Aldrich), Nafion 1100 W (Sigma-Aldrich), n-butyllithium
(1.6 mol L~! in hexane, Acros organics), methyllithium (1.6 mol L~! in diethyl ether, Sigma-
Aldrich), 1,2-dibromoethane (>98%, Fluka), potassium hexachloridoplatinate (IV) (97%,
BLDpharm), potassium iodide (USP, BP, Ph. Eur. pure, pharma grade, PanReac Applichem),
methylcyclopentadienyl dimer (95%, Acros Organics), and perchloric acid (70%, ACS
reagent, Sigma-Aldrich). All chemicals were used as received without further purification.

Thermally reduced graphite oxide (rGO) was prepared in a two-step oxidation—
thermal reduction process using natural graphite (type KFL 99.5 from AMG Mining AG,
former Kropfmiihl AG, Passau, Germany). The graphite oxidation procedure of Hummers
and Offeman [28] was followed. rGO was obtained at a reduction temperature of 400 °C
from graphite oxide. For further information, also see our previous studies [21,25].

Tuneable aryl alkyl ionic liquids (TAAILs) were obtained in a two-step synthesis at
the group of Prof. Thomas Strassner, Technische Universitdt, Dresden. The first step was
the alkylation of the aryl imidazoles by bromoalkanes to build the IL cations. As the
second step, the anion (bromide) was exchanged with LiNTf,. For detailed information,
see Supporting Information in Refs. [15,30].

(m°-methylcyclopentadienyl)trimethylplatinum(IV) ((MeCp)PtMe3) was synthesized
and characterized after a method described by Xue et al. [13,33].

Transmission electron microscopy (TEM) measurements were performed with a JEOL-
2100 Plus, a Zeiss LEO912, and an FEI Titan 80-300 TEM at 200 kV, 120 kV, and 300 kV
accelerating voltage, respectively. The samples were prepared using 200 um carbon-
coated copper grids. Briefly, 0.05 mL of the NP/IL dispersion was dissolved in a 0.5 mL
acetonitrile (ACN), and one drop of the diluted dispersion was placed on the grid. After
30 min, the grid was washed with 3 mL ACN and air dried. The images were analyzed
by Gatan Microscopy Suite version 3.3, and the particle size distribution was determined
from at least 200 individual particles at different positions on the TEM grid, with the
same magnifications.

Powder X-ray diffractograms (PXRDs) were measured at ambient temperature on a
Bruker D2-Phaser using a flat sample holder and Cu-Ka« radiation (A = 1.54182 A, 35 kV).
Diffrac.Eva V4.2 was used to evaluate PXRD data. Particle sizes were calculated with the
Scherrer equation (Equation (1)) as follows:

L=K x A/(A(26) x cos 6p) 1)

where L is the average crystallite size, K is the dimensionless shape factor, A is the wave-
length, A(20) is the full width at half maximum (FWHM) in radians, and 6 is the Bragg angle.

A CEM-Discover SP microwave setup, with a power range of 0-300 W (£30 W) was
used for all microwave reactions. Thermogravimetric analysis (TGA) was conducted with
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a Netzsch TG 209 F3 Tarsus device, equipped with an Al crucible applying a heating rate of
5 °C/min under a synthetic air atmosphere.

4.2. Synthesis of Pt-NPs in IL

As a general approach to obtain Pt-NPs, (MeCp)PtMe3 was put in a 10 mL microwave
vessel and dispersed in the corresponding IL. The necessary amount of Pt precursor com-
pared with IL was determined by the wt% of obtained Pt-NPs in IL with 100% conversion,
which was set between 1 wt% and 2 wt%. The general batch size was further customized
with roughly 300 mg, 500 mg, and 1.00 g IL. The dispersion was stirred for at least 6 h and
then heated in the microwave (200 °C, 40 W, 10 min holding time). Afterward, 3 mL acetoni-
trile was added to the black dispersion, mixed, and centrifuged. The clear liquid phase was
removed. This washing process was repeated until a colorless, clean solution could be re-
moved (mostly four times). The residue was dried in a high vacuum, to obtain pure Pt-NPs.
A list of all obtained Pt-NPs can be found in Table S1 in the Supplementary Information.

For the synthesis of Pt-NPs in IL with rGO, 0.5 wt% to 1 wt% rGO was additionally
added into the microwave vessel, stirred overnight, and sonicated for 3 h. The following
steps were carried out as mentioned before.

4.3. Electrochemical Measurements

For all measurements, a similar setup and procedure as in Beermann et al. were
used [38]. A conventional three-electrode cell, with a Pt gauze as a counter electrode (Pt
furled Pt 5 x 5 cm? mesh), a reference electrode (reversible hydrogen electrode = RHE),
and a glassy carbon-working electrode (5 mm diameter), was used. The working electrode
was always lowered into the electrolyte under potential control at 0.05 Vryg. For all
measurements, a 0.1 M HCIOy electrolyte solution, diluted from 70% concentrated HCIO,
with Milli-Q water, was used. For monitoring, BioLogics potentiostats SP-150 or SP-200
were used.

Fresh inks were prepared from the NPs as the electrochemically active material. For
the Pt-NP@rGO inks, NPs containing 1 mg Pt were mixed with 0.5 mL isopropanol, 2.5 mL
water, and 10 pL nafion 5% and sonicated for at least 30 min. Since the samples already
contained rGO as carbon support, the catalyst ink did not contain additional carbon.
Next, 10 pL of the ink was deposited onto the working electrode, to achieve a loading of
10 pgp; cm 2, and dried for 10 min.

After the electrolyte was purged with N for 20 min, the electrochemical activation
was performed via potential cycling between 0.050 and 0.925 Vrpg, with a scan rate of
100 mV s~! for 50 cycles under a Np-protected atmosphere. The H-adsorption-based
electrochemically active surface area (ECSA) was determined, with the last cycle recorded
as 20 mV s~ !, before the activity measurements were selected. The cyclic voltammetry (CV)
was carried out by cycling between 0.05 and 1.0 Vg, with a scan rate of 20 mV s~!, under
a Nj atmosphere. The charge values (Qp) were calculated by integrating the respective
CV between 0.05 V and 0.4 V. The measured Qp values were normalized with respect to
the theoretical value of Qgthe® =210 pC em—2, which is assuming a one-electron transfer
between one H atom and one Pt atom. To determine the catalytic activity of the catalysts,
linear sweep voltammetry (LSV) was measured in an oxygen saturated electrolyte (after
15 min of bubbling) in a potential range between 0.05 and 1.0 Vryg, with a scan rate of
10 mV s~ ! and a rotation speed of 1600 rpm. These measurements were repeated three
times. The kinetic currents were calculated using (Equation (2)) as follows:

Iy = (him % D)/ (Iim — ) ()

where [ is the measured current density, I}, is determined in the diffusion-limited current
area, and Iy is the calculated kinetic current density. All presented current densities are iR
corrected, where the uncompensated ohmic resistance (R) was determined by potential
electrochemical impedance spectroscopy (PEIS), at 0.4 Vryg. Additional rotation speeds of
225, 400, 625, 900, and 1225 rpm were measured for the sample MP4_rGO-1/1.
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Stability measurements were performed via potential cycling between 0.5 and 1.0 Vryg,
with a scan rate of 50 mV s, in Np-saturated 0.1 M HCIO,, with 0 rpm. In total, 5k cycles
were carried out. Before and after each stability protocol, three CV cycles between 0.05 and
1.0 Vgyg at a scan rate of 100 mV s~ ! were recorded, followed by oxygen bubbling (15 min)
and LSV, in a potential range between 0.05 and 1.0 Vryg, with a scan rate of 10 mV s 1and
a rotation speed of 1600 rpm.

Supplementary Materials: The following supporting information can be downloaded. S1. Pt-NP
and Pt-NP@rGO character-ization; S2. Powder X-ray diffractograms (PXRDs); S3. Transmission
electron microscopy (TEM) images of Pt-NP and Pt-NP@rGO samples; S4. TGA measurements of
selected Pt@rGO samples; S5. Electrocatalytic investigations of Pt@rGO samples.
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Abstract: The development of low platinum loading hydrogen evolution reaction (HER) catalysts
with high activity and stability is of great significance to the practical application of hydrogen
energy. This paper reports a simple method to synthesize a highly efficient HER catalyst through
coating a highly dispersed PtNi alloy on porous nitrogen-doped carbon (MNC) derived from the
zeolite imidazolate skeleton. The catalyst is characterized and analyzed by physical characterization
methods, such as XRD, SEM, TEM, BET, XPS, and LSV, EIS, it, v-t, etc. The optimized sample exhibits
an overpotential of only 26 mV at a current density of 10 mA cm~2, outperforming commercial
20 wt% Pt/C (33 mV). The synthesized catalyst shows a relatively fast HER kinetics as evidenced by
the small Tafel slope of 21.5 mV dec ! due to the small charge transfer resistance, the alloying effect
between Pt and Ni, and the interaction between PtNi alloy and carrier.

Keywords: hydrogen evolution reaction; porous carbon; PtNi alloy

1. Introduction

Hydrogen has the advantages of having high energy density and being clean and
pollution-free, making it an ideal energy source to replace traditional fossil fuels to solve
environmental and energy issues [1-3]. The development of an environmentally sound
and sustainable hydrogen production method is the basis for the application of hydrogen
energy. Hydrogen production by electrolysis of water has received extensive attention
due to its clean and environmental advantages. The hydrogen evolution reaction is the
key reaction to produce hydrogen through water electrolysis. To date, platinum (Pt) and
Pt-based catalysts are still the ideal catalysts for the hydrogen evolution reaction because of
their high catalytic activity and long-term stability. Unfortunately, the high cost and limited
reserves hinder its large-scale promotion and commercial use.

Improving the catalytic activity and utilization rate of precious platinum to reduce
the usage of platinum has become the key measure to break this deadlock. Supported
platinum-based alloys with a high specific surface area is a research focus in reducing the
content of platinum in the catalyst and improving the catalytic activity of the catalyst [4,5].
Benefiting from the synergistic effect induced by the interaction of Pt and transition metals,
the combination of Pt with transition metals (Fe, Co, Ni, etc.) to form a composite alloy
is an effective way to optimize the utilization of Pt and to improve its electrocatalytic
activity [6,7]. As an example, Huang et al. [8] synthesized PtNi nanodentrites (PtNi NDs)
by a simple solvothermal method. The transition metal Ni can adjust the inherent electronic
structure of Pt to improve the catalytic activity. In 0.5 M H,SO;, the optimal sample PtNi
NDs requires only 22 mV overpotential under current density of 10 mA cm™~2, better than
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commercial 20 wt% Pt/C (30 mV) under the same condition. The resulting Tafel slope of
52 mV dec ~! is much lower than that of 20 wt% Pt/C (66 mV dec™1).

Metal-organic framework (MOFs) materials have attracted great attention in the field
of catalysis due to their high specific surface area and easy regulation of pore size and
coordination center of metal atoms [9]. Meanwhile, derivatives of MOFs materials as the
carrier materials of Pt-based catalysts can greatly improve the utilization of the precious
metal Pt, thereby achieving the purpose of reducing the amount of the precious metal. As a
branch of MOFs material, ZIFs (zeolite imidazolium ester skeleton structure materials) is
widely used in the field of electrolytic water catalysis [10,11]. For example, Qin et al. [12]
synthesized the PtCo bimetallic catalyst with ZIF-67 as a porous carbon source through the
simple impregnation method. The Pt content of the optimal sample CPt@ZIF-67-900-6 is
only 5 wt%. When the current density reaches 10 mA cm~2, the overpotential of CPt@ZIF-
67-900-6(50 mV) is 5 mV lower than that of commercial 20 wt% Pt/C and the Tafel slope
of CPt@ZIF-67-900-6 (27.1 mV dec~!) is much lower than that of the 20 wt%Pt/C catalyst
(35.5 mV dec!). The density functional theory calculation proves that ZIFs derivatives can
improve the utilization rate of Pt.

Inspired by the above-mentioned analysis, porous carbon (MNC) support is prepared
in this paper by the carbonization of Co-doped ZIF-8. The thus-obtained porous carbon not
only has the advantage of a large specific surface area, but also contains a large number of
Co-Ny active sites, which can enhance the catalytic activity [13,14]. Then, the electrocatalyst
PtNi-MNC-x-y (x:y is the mass ratio of Co and Zn) is prepared by supporting platinum-
nickel alloy on the porous carbon through a simple impregnation method. The effect of
synthetic conditions on the microstructure and performance of materials is discussed in
detail. The results revealed that the sample derived from a carbonization temperature of
900 °C and Co:Zn of 1:9 displayed the best performance due to the small charge transfer
resistance, the alloying effect between Pt and Ni, and the interaction between PtNi alloy
and the carrier.

The experimental details and electrochemical measurements are described in the
Supplementary Material.

2. Results and Discussion
2.1. Material Characterization

X-ray diffraction technology was first applied to analyze the crystal structure of the
sample. Figure 1 shows XRD patterns of PtNi/MNC-1-6 and Pt/MNC-1-6. Although
the Zn element was added during the materials preparation process, it can be almost
completely removed as confirmed by the XRD patterns and the ICP-AES results (Table 1).
In Figure 1, it can be observed that there are three diffraction peaks at 39.8°, 46.2° and
67.7°, corresponding to crystal planes of Pt (111), Pt (200), and Pt (220), respectively (ICDD
04-0802). Moreover, the observed slightly positive shift of Pt diffraction peaks (as shown
by the arrow in the Figure 1) for PtNi/MNC-1-6 compared to the sample of Pt/MNC-1-6
suggested the change of lattice spacing of Pt after the formation of the PtNi alloy, confirming
the formation of the PtNi alloy. In addition, three diffraction peaks of Co element can also
be observed at 44.2°, 51.5° and 75.9° corresponding to Co (111), Co (200) and Co (220)
crystal planes (ICDD 15-0806), respectively. A certain amount of Co-Ny can be formed
during the pyrolysis process, which has been proved to be the active site to the electrolytic
reaction [15]. The position of Co diffraction peaks has no obvious shift from the peak of
the standard metal Co, indicating that the Co element does not form an alloy with Pt or Ni
metal. Moreover, there is no obvious diffraction peak of nickel, which is speculated to be
caused by the low content of nickel element (2.9 wt % as shown in Table 1). Additionally,
Co (ICDD 15-0806) and Ni (ICDD 04-0850) have similar peak positions, which made it
difficult to show the diffraction peak of nickel clearly.
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Figure 1. XRD patterns of PtNi/MNC-1-6 and Pt/MNC-1-6.

Table 1. Content test of each element in the PtNi/MNC-1-6 sample.

Sample Measured Element Mass Fraction (wt%)
Pt 8.1
PtNi/MNC-1-6 Ni 2.9
Co 12
Zn 0.022

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
were applied to analyze the morphology of the catalyst, as shown in Figure 2a,b. It can
be observed that the synthesized Co@ZIFs has a relatively uniform dodecahedral shape
with a diameter of about 250 nm, indicating that most of the Co element was located
on the surface of ZIF-8. As shown in Figure 2g, the outer surface of Co@ZIFs-1-6 is the
Co element, and the inner part is the Zn element, which is basically consistent with the
expectation. Meanwhile, it can be observed that the morphology of Co@ZIFs-1-3 does not
achieve the expected results. It can be clearly seen in Figure Sla that its size is extremely
uneven, which may be due to the excessive addition of Co elements, part of which form
an independent ZIF-67 monomer, resulting in different sizes. After carbonization, the
dodecahedral morphology of Co@ZIFs-1-6 is retained, but the surface becomes rough and
the size is slightly reduced due to carbonization of organic bonds and atomic migration [4].
It is noteworthy that nanotubular structures in MNC-1-6 (Figure 2c and Supplementary
Material S1c) were observed, possibly caused by the catalytic action of the metal Co on
the surface of Co@ZIFs-1-6 during the carbonization process to form carbon nanotubes
(CNTs) [5,16]. The generated CNTs are expected to be beneficial for the improvement of the
specific surface area, catalytic activity, and stability of catalyst materials [16,17]. In addition,
the numbers of the generated CNTs increased with the increases in the Co contents in the
initial precursors. Figure 2d shows the morphology of PtNi/MNC-1-6. It can be seen that
there are many deposited particles on the carbon carrier. In order to further explore the
specific conditions of these sediments, electron transmission electron microscope (TEM)
images were recorded, as shown in Figure 2e,f. The lattice spacing of 0.34 nm and 0.20 nm
in Figure 2e corresponds to the C (002) plane and Co (111) plane and Co nanoparticles are
coated with 8-10 layers of graphite-type carbon, which enhances the conductivity of the
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catalyst and the corrosion resistance of the metal particles coated by the carbon layer, thus
improving the stability of the catalyst [18]. The lattice spacing of the particles shown in
Figure 2f is 0.181 nm between the crystal plane of metal Pt (200) (0.196 nm) and metal Ni
(200) (0.176 nm), and the lattice spacing of 0.212 nm is between the crystal plane of the
corresponding metal Pt (111) (0.225 nm) and the metal Ni (111) (0.203 nm), confirming the
formation of the PtNi alloys [19].

Figure 2. (a) SEM image of Co@ZIFs-1-6; (b) corresponding enlarged SEM image; (c) SEM image of
MNC-1-6; (d) SEM image of PtNi/MNC-1-6; (e,f) TEM image of PtNi/MNC-1-6; (g) SEM image of
Co@ZIFs-1-6 and its EDS image.

N, adsorption and desorption isotherms were performed to determine the specific
surface area and pore size distribution of samples. Figure 3 shows the N, adsorption and
desorption isotherms of MNC-1-6-800 °C, MNC-1-6-900 °C, and MNC-1-6-1000 °C and
the corresponding pore size distribution curve. It is apparent that all the three recorded
N, adsorption and desorption isotherms exhibited H4 hysteresis loops, indicating that all
the three carriers derived from different carbonization temperatures possess mesoporous
structures, and the calculated pore sizes are mainly distributed at 3-5 nm. The derived
specific surface area of MNC-1-6-800 °C, MNC-1-6-900 °C, and MNC-1-6-1000 °C are
251 m?/g, 343 m? /g and 119 m?/g, respectively. It is evident that the sample obtained from
carbonization temperature of 900 °C exhibited the largest specific surface area among the
three tested samples. This could suggest that the incomplete carbonization induced a less
rough surface at 800 °C and the agglomeration of the derived carbon materials at 1000 °C
are responsible for the relatively low specific surface area [20]. Evidently, the large specific
surface area is beneficial to generation of active sites after the deposition of catalysts, which
in turn can improve the utilization rate of the precious metal and the catalytic activity of the
catalyst. Therefore, the carbonization temperature of 900 °C can be realized as the optimal
condition for the synthesis of the catalyst support.
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Figure 3. (a) N, adsorption and desorption isotherms of MNC-1-6-800 °C, MNC-1-6-900 °C and
MNC-1-6-1000 °C; (b—d) the corresponding pore size distribution curve (Inset: Enlarged view of the
corresponding small size pore size distribution).

X-ray photoelectron spectroscopy was carried out to elucidate the composition and
chemical states of the according elements near the surface of the PtNi/MNC-1-6. The
XPS survey was corrected by the C 1s peak fixed at 284.8 eV. As shown in Figure 4a,
a high-resolution C 1s peak is deconvoluted into C-C (284.8 eV), C-N (286.0 eV) and
C-C=0 bonds (289.8 eV), indicating that the sample contains nitrogen-doped carbon and
graphite carbon [21].The corresponding N 1s peak can be deconvoluted into four peaks at
398.4 eV, 399.7 eV, 401.1 eV and 405.5 eV, corresponding to pyridine N, pyrrole N, graphite
N and oxide N, respectively, among which pyrrole N and pyridine N are essential for the
electrocatalytic activity of HER by interacting with H* [16,21]. As shown in Figure 4d,
Co 2p peak is deconvoluted and integrated into three pairs of peaks, among which the
characteristic peaks at the binding energy of 778.4 eV and 789.1 eV are assigned to Co?,
indicating the existence of metallic cobalt. The characteristic peaks at 781.7 eV and 797.7 eV
correspond to Co 2p3 /2 and Co 2py /», respectively, suggesting the presence of Co?* in the
sample, possibly due to the surface oxidation of the catalyst during the test [22]. The other
peaks correspond to the satellite peaks of Co. Similarly, Figure 4e shows the deconcolution
of the Ni 2p peak, the characteristic peaks of Ni** at 856.2 eV for Ni 2p3/, and 873.8 eV
for Ni 2P; /, and the characteristic peaks for Ni® at 852.3 eV and 871.2 eV. It is also found
that the content of Ni?* is slightly higher than Ni’, which is basically consistent with the
results reported in the previous article [23,24]. In Figure 4c, the Pt 4f in the PtNi/MNC-1-6
sample contains two pairs of characteristic peaks, corresponding to the two valence states
of the Pt element. The characteristic peaks at 71.2 eV and 74.6 eV are Pt 4f;,, and Pt 4f5/,
belonging to Pt’, while the peaks at 72.1 eV and 75.7 eV are attributed to Pt** caused by
surface oxidation [25,26].
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Figure 4. XPS spectra of PtNi/MNC-1-6: (a) C 1s; (b) N 1s; (c) Pt 4f; (d) Co 2p; (e) Ni 2p.

2.2. Electrochemical Activity

The influence of the carbonization temperature on the performance of the catalyst
was investigated through the polarization curves of samples derived from different car-
bonization temperatures. As shown in Figure 5a,b, the required overpotentials for reach-
ing a current density of 10 mA cm~2 are 33 mV, 26 mV and 36 mV for PtNi/MNC-1-6-
800 °C, PtNi/MNC-1-6-900 °C and PtNi/MNC-1-6-1000 °C, respectively, suggesting that
PtNi/MNC-1-6-900 °C exhibits the best performance among the tested samples, due to its
high surface area, which enables the uniform distribution of the PtNi alloy on the surface
of support. In addition, the relatively low carbonization temperature of 800 °C leads to the
low content of graphitized carbon, which accordingly results in low conductivity and the
catalytic performance [27]. Tafel curves derived from polarization curves were plotted in
Figure 5c to explore the kinetics of the HER process for the three samples. It was observed
that the Tafel slope of PtNi/MNC-1-6-900 °C is only 21.5 mV dec™!, much lower than
30.7 mV dec~! for PtNi/MNC-1-6-800 °C and 27.5 mV dec~! for PtNi/MNC-1-6-1000 °C,
indicating that the current density of sample PtNi/MNC-1-6-900 °C increased much faster
with the increase in overpotential compared to the other two samples, implying the fast
electrochemical reaction kinetics [23].
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Figure 5. (a) HER polarization curve of the carrier-supported catalysts with different carbonization
temperatures (polarization curves without i-R correction recorded in a 0.5 M H;SO, solution at
a sweep rate of 5 mV s~1); (b) the corresponding overpotential; (c) the fitted Tafel curve of the
corresponding polarization curve.
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The influence of the introduced Ni to the Pt catalyst on the HER performance was
also investigated. As shown in Figure 6a,b, the sample of PtNi/MNC-1-6 only needs the
overpotential of 26 mV to reach a current density 10 mA cm~2, superior to Pt/MNC-1-6
(35 mV). In addition, the advantage of the nickel-containing sample is also reflected by the
Tafel curves. As can be seen from Figure 6c¢, the Tafel slope of sample PtNi/MNC-1-6 is
21.5mV dec™!, which is also lower than that of Pt/MNC-1-6 (23.3 mV dec™1). It can also be
clearly seen from the impedance spectra that the diameter of the impedance semicircle for
sample PtNi/MNC-1-6 is much smaller than that for Pt/MNC-1-6, indicating that sample
PtNi/MNC-1-6 has a much smaller charge transfer resistance (Rct) than Pt/MNC-1-6 does.
The results demonstrate that the introduced transition metal Ni can adjust the intrinsic
electronic structure of Pt and improve the catalytic activity [8,28]. In Table S1, we have listed
summary of various PtNi alloys electrocatalysts for HER performance in 0.5 M HySOj.
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Figure 6. (a) Polarization curves of various catalysts (polarization curves without i-R correction
recorded in a 0.5 M H,SOj solution at a sweep rate of 5 mV s~ 1); (b) corresponding overpotential im-
age of catalysts; (c) the fitted Tafel curve of the corresponding polarization curve; (d) electrochemical
impedance spectroscopy of various catalysts and 20 wt% Pt/C samples; (e) the chronopotential curve
of PtNi/MNC-1-6.

The influence of the ratio of Co to Zn in the support on the performance of the catalyst
was explored. As shown in Figure 6a,b, to reach a current density 10 mA cm™2, the
overpotential of sample PtNi/MNC-1-6 is 26 mV, about 4 mV and 3 mV lower than those
of sample PtNi/MNC-1-3 (30 mV) and sample PtNi/MNC-1-9 (29 mV), respectively. In
addition, the overpotentials of all the three samples are lower than that of commercial
20 wt% Pt/C (33 mV), possibly attributed to the Pt-Ni interaction and PtNi-alloy-support
interaction. The best performance of sample PtNi/MNC-1-6 among all the tested samples
is mainly attributed to the appropriate Co and Zn mass ratio induced porous morphology
and the amount of generated CNTs as discussed in the above section.

The derived Tafel curve from the polarization curve is applied to elucidate the kinetics
of the HER process. Under acidic conditions, hydrogen evolution reaction is generally
analyzed by two mechanisms in three steps [29,30]. The three steps are the Volmer, Hey-
rovsky, and Tafel steps, and the corresponding Tafel slope is 120 mV dec™!, 40 mV dec!
and 30 mV dec !, respectively. The two mechanisms are the Volmer-Tafel mechanism and
Volmer-Heyrovsky mechanism. The reaction of these three steps is as follows:

H3;0* + e~ — H* + H,O (Volmer) 1)
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H* + H30" + e~ — H;, + H,O (Heyrovsky) (2)
H* + H* — H, (Tafel) ®)

H*: H of adsorption state.

The Tafel slopes of PtNi/MNC-1-3, PtNi/MNC-1-6 and PtNi/MNC-1-9 are 28.5 mV dec?,
21.5 mV dec ! and 29.3 mV dec !, respectively. It can be observed that the Tafel slope
of sample PtNi/MNC-1-6 is lower than that of 20 wt% Pt/C (22.5 mV dec™!), indicating
that PtNi/MNC-1-6 exhibited faster electrochemical kinetics than commercial Pt/C. In
addition, the HER process using the designed materials in this work follows the Volmer—
Tafel mechanism.

Electrochemical impedance spectroscopy was applied to analyze the reaction kinetics
of each catalyst. As shown in Figure 6d, the charge transfer resistance of PtNi/MNC-1-6 is
much lower than that of PtNi/MNC-1-3, PtNi/MNC-1-9 and 20 wt% of Pt/C, indicating
that PtNi/MNC-1-6 has lower charge transfer resistance and faster electrode kinetics [28].
The low charge transfer resistance is mainly due to appropriate carbonization temperatures
and the strong interaction between PtNi and the support [31]. The chronopotentiometry
technique was used to evaluate the stability of the catalyst. As shown in Figure 6e, the
potential of the catalyst remained almost unchanged after continuous operation at the
potential corresponding to 10 mA cm~2 for 20,000 s, demonstrating the great stability of
PtNi/MNC-1-6.

3. Conclusions

In this work, the PtNi alloy was loaded on ZIF-derived carbon support as a catalyst
for hydrogen evolution reaction and the influence of synthetic conditions and catalyst
composition on the performance of the catalyst was studied. The catalyst was characterized
and analyzed by physical characterization methods, such as XRD, SEM, TEM, BET, XPS,
and LSV, EIS, it, v-t, etc. The optimal sample PtNi/MNC-1-6 (Pt content 8.1%) requires
only 26 mV overpotential to reach a current density of 10 mA cm~2 with a small Tafel slope
of 21.5 mV dec™!. Moreover, the sample shows good stability. The excellent performance
of the synthesized sample mainly benefits from the following points. (1) The proper Co
and Zn ratio and carbonization temperature of the carrier provide good conductivity and a
large specific surface area, which is conducive to the full dispersion of precious metals and
improve the utilization rate of precious metals. (2) The synergistic effect of metal Pt and Ni
improves the catalytic activity of the catalyst. (3) The interaction between the PtNi alloy
and carbon support is beneficial to the rapid transfer of electrons.
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Abstract: Fluorination is considered as a means of reducing the degradation of Fe/N/C, a highly
active FeNy-doped disorganized carbon catalyst for the oxygen reduction reaction (ORR) in PEM
fuel cells. Our recent experiments have, however, revealed that fluorination poisons the FeNy moiety
of the Fe/N/C catalytic site, considerably reducing the activity of the resulting catalyst to that of
carbon only doped with nitrogen. Using the density functional theory (DFT), we clarify in this work
the mechanisms by which fluorine interacts with the catalyst. We studied 10 possible FeNy site
configurations as well as 2 metal-free sites in the absence or presence of fluorine molecules and atoms.
When the FeNy moiety is located on a single graphene layer accessible on both sides, we found that
fluorine binds strongly to Fe but that two F atoms, one on each side of the FeNy plane, are necessary to
completely inhibit the catalytic activity of the FeNy sites. When considering the more realistic model
of a stack of graphene layers, only one F atom is needed to poison the FeNy moiety on the top layer
since ORR hardly takes place between carbon layers. We also found that metal-free catalytic N-sites
are immune to poisoning by fluorination, in accordance with our experiments. Finally, we explain
how most of the catalytic activity can be recovered by heating to 900 °C after fluorination. This
research helps to clarify the role of metallic sites compared to non-metallic ones upon the fluorination
of FeNy-doped disorganized carbon catalysts.

Keywords: oxygen reduction reaction; proton exchange membrane fuel cell; fluorination; density
functional theory; non-noble metal catalyst; N-doped carbon catalyst

1. Introduction

While promising non-noble metal catalysts for the oxygen reduction reaction (ORR)
in proton-exchange membrane (PEM) hydrogen fuel cells have been synthesized over
the years [1-5], their stability in fuel cells remains the main obstacle to their widespread
use [6,7]. One of the most promising non-noble metal catalysts synthesized to date is
FeNy-doped disorganized carbon [8-11]. There are several experimental and theoretical
pieces of evidence that the Fe atom is the site where the ORR takes place [11-19]. It
has been observed that this type of catalyst suffers from a decrease of almost half of its
activity in a few hours of operation in fuel cells, followed by a much slower decrease
thereafter. The current delivered by the fuel cell versus time can be fitted by a double
exponential decay [20]. Few hypotheses have been put forward to explain the first rapid
decay of catalytic activity. These include demetallation of the metal catalytic sites [20-23]
and chemical reactions with Hy,O, [24-27]. The slower decay has not attracted as much
interest as the fast one to date. Recent simulation work suggests that planar M3(C¢Og)2 [28]
and M3(C¢S303); [29] structures, where M is a transition metal, may also be promising
candidates but these have not yet passed the test of experiment.
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There are indications that the fluorination of materials in acidic media improves their
oxidative stability. Examples of such systems include Nafion ionomer, Pt/C, and platinum
group metal-free catalysts for PEM fuel cells [30-32]. Recently, we also fluorinated a highly
active FeNy-doped carbon catalyst in the hopes that fluorine would increase its stability in
PEM fuel cells [33]. However, even after a short (2 min) exposure to a room-temperature
F>:Nj (1:1; vol.) gas stream, fluorination considerably inhibited the catalyst performance in
H, /0O, PEM fuel cells. Even if these experiments did not yield the expected results, they
enabled several important observations to be made regarding the properties of the catalytic
material under study:

(1) The catalytic activity of the fluorinated Fe/N/C catalyst became similar to that of
Fe-free nitrogen-doped carbon catalysts;

(2) The XPS F1s spectra revealed that most Fe sites were associated with a single F atom
and fewer were associated with two F atoms;

(3) A total of 70% of the initial activity could be recovered after a heat treatment of the
F-poisoned catalyst at 900 °C in Ar.

The observations made in the context of these fluorination experiments have in fact
provided a unique opportunity to improve our understanding of the nature of our FeNy-
doped carbon catalysts and of the decay mechanisms of their catalytic activity in PEM
fuel cells. In order to support and deepen the conclusions of our experimental study, in
this paper we report density functional theory (DFT) calculations, based on the current
understanding of the atomic structure of the catalytic sites and processes, and study the
catalytic properties of these sites in the absence/presence of adsorbed fluorine.

Several theoretical studies have already focused on MNy-doped carbon catalysts, most
often Fe [34-38], Co [35], Mn [35,39], and Ni [35]. Per the indications of several experimental
studies [34,39-41], they conclude that the catalytic site is, specifically, the M atom within a
functional group MNy embedded in a planar carbon layer. It is generally thought that the
ORR catalyzed on these sites follows the four-electron exchange process [42—45]

*+Oy+4(H" +e7) — *Op+4H Y +e7) —

I I
*OOH+3(H"+e") — *xO+H0+2H"+e") — 1)
11 \Y%
*OH +H,O+ (H" +e¢7) —  %+42H,0
\Y VI

where * denotes the adsorption site and the labels I to VI refer to the six reaction steps.

For several MNy-doped carbon structures, it has been found that, at low enough
potentials, the free energy of each step of the reaction sequence (1) decreases uniformly
from the first to the last step, indicating that the reaction sequence (1) is thermodynamically
viable at these potentials. Other possible pathways, such as those involving spontaneous
O, dissociation or H,O, formation, are less likely due to the increase in free energy at
some stage of the process [24]. Several DFT studies have also been carried out for catalysts
without metal [45-51]. These generally consider N-doped carbon structures and assume
that the reaction sequence (1) still takes place at low enough potentials. These catalysts
appear to be thermodynamically viable for some carbon sites near a nitrogen atom. How-
ever, O, adsorbs weakly or not at all on the catalytic sites (step II in the sequence (1)).
This characteristic likely explains, at least in part, the much lower activity of these sites
compared to the higher activity obtained with metal sites.

In a recent work, we theoretically studied the fluorination of two single-layer porous
FeNy-doped carbon structures, one with pyrrolic nitrogen atoms and the other with pyri-
dinic nitrogen atoms at the FeNy sites, and we assumed that the catalytic reaction took
place through the sequence (1) [52]. Subsequent work has investigated ORR for various
adsorbates bound to several transition metals on an MNy site [53,54]. However, actual
catalysts most likely contain many embodiments of MN, moieties as well as M-free N
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atoms in carbon layers, and involve more than one carbon layer. In order to provide a more
complete picture of the fluorination process and of its influence on ORR, we performed
DFT calculations for nine additional atomic structures of FeNy-doped carbon sites with x
between 1 and 4 as well as for two N-doped metal-free carbon structures. We also examined
the possibility of whether the ORR can be catalyzed on an Fe site between two parallel
carbon layers in the presence of a F atom bound on Fe on the opposite side.

It is generally believed that the catalytic sites for the ORR of the FeNy-doped carbon
materials consist of planar FeNy moieties located in a carbon structure which is generally
approximated by a single carbon layer. Figure 1 shows some of the possible embodiments
of such structures. Of course, the set of structures shown in Figure 1 is not exhaustive.
Many variants of each structure are possible, such as, for example, pores in the carbon layer
(as in Figure 1j), the FeNy moiety being near the edge of the carbon layer (as in Figure 1g,i),
and N atoms being randomly distributed in the carbon layer (as in Figure 1e). Also, the N
atoms surrounding the Fe ion may be either of a pyridinic type (Figure 1a—i) or of a pyrrolic
type (Figure 1j). We will consider the 10 structures shown in Figure 1, expecting that they
will be representative of the main effects of fluorination on the properties of the catalysts.
For the purpose of the following discussion, special attention will be paid to the structure
in Figure 1j. For this structure, the F-N bond length is 2.00 A and the N-Fe-N angles are
197.19° and 82.81°.
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Figure 1. DFT optimized configurations of FeNy-doped carbon catalysts investigated in this work. Panels (a—j) refer to the

)

10 configurations considered in this work. Color code: grey is carbon, blue is nitrogen, orange is iron.

It can be found in the literature that the free energy at zero potential of the steps of
the reaction sequence (1) for the pristine structures of Figure 1c [55], 1h [56], and 1j [52] is
uniformly descending at each reaction step (see Section 2.1). The structure of Figure 1b has
also been investigated and was found to be not thermodynamically viable [55] (because the
free energy presents a minimum at step V of the reaction sequence (1)—see Section 2.1). The
other sites shown in Figure 1 have, to the best of our knowledge, never been investigated
so far.

Figure 2 shows the two metal-free nitrogen-doped carbon catalytic sites considered
in this work. As reported above, the activity of the fluorinated Fe/N/C catalysts became
similar to that of Fe-free nitrogen-doped carbon catalysts. It is assumed that the reaction
sequence is given by (1) where * now denotes an active carbon site. Other nitrogen-
doped carbon structures have been investigated and shown to be potential catalysts for
ORR [46-49]. The structures shown in Figure 2 were selected for this work because they
turn out to have the lowest formation energies [45] and are, therefore, most likely to
be found in actual catalysts. Only two of these structures are considered in this work
because we show that their catalytic properties are immune to fluorination and this result
is sufficient for our purpose.
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Figure 2. DFT optimized configurations of metal-free catalysts investigated in this work. (a) Armchair
configuration of N-doped carbon and (b) zigzag configuration of N-doped carbon. The meaning of
the numbers on the carbon atoms is discussed in Section 2.3.

2. Results
2.1. Fluorination of the FeNy Sites—Single Carbon Layer

We first performed DFT optimizations of all the non-fluorinated carbon-based catalysts
considered in this work. The resulting structures are shown in Figures 1 and 2. We then
introduced F atoms and F, molecules at different locations on these atomic structures and
performed new DFT optimizations.

We first considered the adsorption of F, on the Fe atom of the FeNy sites. We found
that F, adsorbs on Fe for all the FeNy configurations of Figure 1. When adsorbed on Fe,
the F, molecule is strongly stretched relative to the free F, molecule. In the example of
Figure 3a, where we use the basic structure of Figure 1j, the spacing between the two F
atoms of the adsorbed F; is 2.32 A while the spacing of the two F atoms in the free F,
molecule is 1.11 A. In fact, the adsorbed F, molecule is subject to dissociation because, for
example, the binding energy of the dissociated F, molecule with one F atom adsorbed on Fe
and the other F atom adsorbed on a near C atom either on the same side (Figure 3b) or on
the opposite side (Figure 3c) of the carbon layer is, respectively, 1.36 eV and 1.40 eV lower.
The fluorinated structure is considerably more stable when two F atoms are adsorbed on
the Fe atom on opposite sides of the carbon layer (Figure 3d) because the energy of the
system is 6.12 eV lower than that of F, adsorbed on Fe (Figure 1a). The binding energies
of the fluorine adsorbates shown in Figure 3 are given in Table 1. All F-Fe and F-C bond
lengths appearing in Figure 3 are shown in Table A1 of the Appendix A.

In the case where two F atoms are adsorbed on Fe on both sides of the carbon layer
(Figure 3d), the Fe site becomes unavailable to catalyze ORR. Indeed, the binding energy
of the O, molecule on the Fe atom of the pristine structure of Figure 3 is only —0.71 eV,
meaning that the fluorinated iron sites of Figure 3d,e are very stable and the adsorbed F is
unlikely to be spontaneously replaced by O,. The same conclusion holds for all structures
of Figure 1, except for Figure 1d, for which the binding energy of Fe-O, is stronger than
that of Fe-F, as shown in Table 2. However, this structure appears to be inactive in the
absence of fluorine, as can be seen in Figure 4d.

,MNH;
029 2%

d pegnest

(e)

Figure 3. Adsorption of F; and F on the Fe site for the basic structure of Figure 1j. (a) Adsorption of Fy; (b,c) adsorption of

one F on Fe and one F on a nearby carbon site; (d) adsorption of two F on the Fe site on both sides of the carbon layer; and

(e) adsorption of a single F on Fe. Color code: grey is carbon, blue is nitrogen, orange is iron, and green is fluorine.

68



Molecules 2021, 26, 7370

Table 1. Binding energies of the fluorine adsorbates for the structures shown in Figure 3.

Structure Binding Energy (eV)
a -1.76
b —3.12
c -3.16
d —7.88
e —4.56

Table 2. Binding energies in eV for F adsorbed on Fe (Fe-F), for two F adsorbed on Fe on both sides
of the carbon layer (F-Fe-F), and for O, adsorbed on Fe (Fe-O;) for the structures shown in Figure 1.

Structure Fe-F F-Fe-F Fe-0O,
a —4.27 —12.10 —0.84
b —4.00 —-11.92 —2.50
o —3.85 —11.88 —2.06
d —3.94 —13.04 —4.60
e —4.05 —12.02 —-1.82
f —4.66 —12.96 —3.50
g —5.89 —12.94 —4.55
h —3.18 —11.88 —-1.37
i —2.93 —10.40 —1.04
j —4.56 —7.88 —0.71
2
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Figure 4. Relative free energy at zero potential for the six steps (I-VI) of the ORR sequence (1) for the atomic structures

shown in Figure 1 with (red segments) and without (blue segments) a F atom adsorbed on Fe. The panels (a—j) correspond

to the structures shown in Figure 1a toj.

For a fluorinated FeNy site located in a single carbon layer, the adsorption of a single
F atom on the Fe site can turn a poor catalyst into an effective one due to the weakening
of the binding energy of the adsorbates of the reaction sequence (1). This can be seen
in Figure 4, which shows the relative free energies (with respect to the initial state) of
each step of the catalytic reaction sequence (1) in the cases where the Fe sites are free of
fluorine (blue segments) and where a F atom is adsorbed on Fe (red segments). One can see
for the structures corresponding to Figure 4a,b,d f, that the ORR catalytic process, which
seems unlikely without the adsorption of F because of the very low energy level of step
V, *OH + H,0 + (H" + ¢7), becomes thermodynamically viable with the adsorption of
F on Fe. However, the structure corresponding to Figure 4i remains a poor catalyst with
and without the adsorption of F on Fe. On the other hand, the structure corresponding
to Figure 4h, which seems to be a possible good catalyst without fluorine, becomes less
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effective with fluorine because O, can no longer adsorb on Fe (step II). Table A2 shows the
F-Fe, O-Fe-O, and O-O bond lengths in O,, Fe-O,, and F-Fe-O,. It can be seen that the
F-Fe bond length in F-Fe-O; is almost the same as in Figure 3e (Table A1). However, the Fe—
O and O-O bond lengths in F-Fe-O, are slightly smaller than in Fe-O,, indicating that the
Fe-O; bond is weakened due to the presence of F, in agreement with the discussion above.

From this, we conclude that carbon-based catalysts with sufficient separation between
carbon layers (which is equivalent to considering the catalytic sites located on a single
carbon layer) could theoretically benefit from partial fluorination by the weakening of the
adsorbate free energy. This effect leads to a more favorable free energy distribution for
most of the fluorinated ORR active sites as compared to that of the sites without any F-Fe
bond. The conclusion that ORR is generally promoted when an adsorbate is bound to
the metal atom on the opposite side of the carbon plane was also obtained via the DFT
calculations reported in [53,54].

2.2. Fluorination of the FeNy Sites—Double Carbon Layer

The useful FeNy active sites (those able to produce ORR) are actually thought to be
mostly embedded at the surface of continuous graphene layer stacks or located between
two discontinuous graphene layers of micro- or mesopores [20]. Therefore, the question
naturally arises as to whether the ORR can take place between the first two carbon layers
when a F atom is adsorbed on Fe on the more accessible free side of the FeNy site. To
answer this question, we considered a model using two carbon layers: on the top, a carbon
layer containing the FeNy moiety and, under this first layer, another one composed of
a single graphene layer parallel to the first one and located at 3.6 A from the first layer.
We selected this interplanar distance, which is a little larger than that of d = 3.35 A in
graphite, because carbon is disorganized after the pyrolysis stage. As a matter of fact, a
fairly broad distribution of d-spacings (between 3.5 and 4.1 A) was measured for furnace
turbostratic carbon black grades, regardless of their particle size and structure. The average
TEM measured d-spacings range between 3.83 and 3.92 A and are significantly larger
than the X-ray measured d-spacings ranging from 3.52 to 3.56 A [57]. Thus, we used the
intermediate value of 3.6 A.

The first step in ORR is the adsorption of O, on Fe. Then, according to the reaction
sequence (1), each adsorbate combines with an H* ion and an electron. Therefore, O, and
H* have to migrate between the carbon layers to reach the Fe atom of the FeNj site. This
migration is certainly easier for porous carbon structures such as the one of Figure 1j or
when the Fe atom is close to the edge of the carbon layer, as in Figure 1g,i. Figure 5 shows
the basic structure of Figure 3e to which a parallel graphene plane was added under the
graphene plane containing the F-FeNy site. One notes that there is apparently enough
room between the two carbon layers to accommodate an oxygen atom or molecule because
the spacing between the carbon layers of our amorphous carbon catalyst is assumed here
to be 3.6 A, while the theoretical radii of Fe, C, and O are 1.56 A, 0.67 A, and 0.48 A [58],
respectively, so that the sum of the radius of Fe, the diameter of O,, and the radius of C is
3.19 A, which is smaller than the assumed spacing between the carbon layers.

c & .
EETES 2 s I A S a s (f%’{iﬁlﬁtﬁ
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Figure 5. The first catalytic reaction steps between two carbon layers with a F atom adsorbed on
Fe on the free side for the basic structure of Figure 1j. (a) Adsorption of O, on Fe; (b) result of
the spontaneous dissociation of OOH into O on Fe and OH on the opposite carbon layer; and
(c) formation of OH adsorbed on Fe between the two layers. Color code: grey is carbon, blue is
nitrogen, orange is iron, green is fluorine, and red is oxygen.
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Fe+G+ O, +4(H" +e7)

I

The free energy diagram of the catalytic reaction is shown in Figure 6. O, can adsorb
on the Fe atom between the planes (Figure 5a and step II in Figure 6) but it needs around
1 eV to get there. This is a consequence of the stress induced on the surrounding structure
by the insertion of the O, molecule. Our transition state calculation indicates that the
activation energy is around 1.5 eV between the state of O, in the pore and its adsorbed state
on the Fe atom. However, from the latter adsorbed state (step II in Figure 6), a continuously
decreasing free energy sequence can be found, but with modifications with respect to the
sequence (1). When adding HT + ¢~ to the adsorbed O,, OOH spontaneously dissociates
into an O adsorbed on Fe and an OH which adsorbs on a carbon atom of the opposite layer
(Figure 5b and step III in Figure 6). The reactions up to step IIl in Figure 6 are as follows:

— (Fe—0,)+G+4(H" +¢7) — (Fe—0)+(G—OH)+ 3(H +e7)
I I 2

where G is the bottom graphene plane. Then three distinct paths are possible, de-
pending on how the successive H' + ¢~ are added to the adsorbates. These paths are
illustrated in Figure 6 by black, blue, and red segments, respectively. The last step (VI)
is Fe + G + 2H;0, i.e., the formation of two water molecules after the exchange of four
electrons. The steps IV and V for the three paths are, respectively,

Path1: (Fe—0)+G+H,0+2(Ht+¢") —  (Fe—OH)+G+ HO+(H" +¢7)

v Y% ®)
Path2: (Fe—OH)+ (G—OH)+2 (H" +e7) — Fe+ (G—OH)+ HO+(H' +e¢7) @)
v Y
Path 3: (Fe—OH)+ (G—OH)+2 (H" +¢7) » (Fe—OH) + G+ H,O+(H" +¢7) 5)

v A%

The most complex intermediate state, where one OH is adsorbed on Fe and the other
OH is adsorbed on the opposite graphene layer G, is shown in Figure 5c and corresponds
to step IV of paths 2 and 3.

2
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Figure 6. Relative free energy at zero potential for the six steps of the ORR sequences between two
carbon layers for the structure of Figure 3e to which a parallel graphene plane was added under the
graphene plane containing the F-FeNy site. The three possible paths are explained in the text. The
energy levels have been shifted slightly to facilitate path identification.

Since the theoretical radius of F (0.42 A) is smaller than that of O (0.48 A) [58], F and
F, can also be accommodated between the two layers. We also performed DFT calculations
for that case. The results are illustrated in Figure 7. The binding energies of F, and F in
the cases of Figure 7a,b are —1.84 and —4.48 eV, respectively. Here the reference structure
is composed of the two planes with the external adsorbed F atom on Fe. Thus, as in the
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monolayer case of Figure 3, the dissociation of F; is favored between the two layers of
carbon. In addition, contrary to O,, the adsorption of F; (or its dissociated form) between
the plane is exothermic. For the sake of comparison with the single plane case of Figure 3d,
the binding energy of the two F on both sides of the plane is —6.24 eV (Figure 7c) vs.
—7.88 eV in the case of Figure 3d. Again, the difference in binding energy is due to the
stress induced on the surrounding structure by the insertion of the F atom. The existence
of F-Fe—F bonds in the catalyst could correspond to the specific peak at ~685.4 eV assigned
to the adsorption of two F atoms on Fe in the F1s XPS spectrum of the catalyst [33].

f“aﬁéﬁ“af F&?‘%ﬁ‘é‘f (AT

O

Figure 7. Adsorption of F, and F on the Fe site between two carbon layers for the basic structure of Figure 1j. (a) Adsorption
F, on Fe; (b) adsorption of F on Fe and F on a nearby carbon site (dissociated form of F,); and (c) adsorption of F on Fe
between two carbon layers.

From this study of the fluorinated bilayer configuration, it appears that ORR catalysis
between two carbon layers is inefficient, primarily because O, requires about 1 eV to
occupy the catalytic site, although the subsequent reaction steps are thermodynamically
viable. Furthermore, upon fluorination of the catalyst, F» and F can occupy the catalytic
site at a lower energy cost, thereby poisoning the FeN sites.

2.3. Fluorination of Metal-Free Sites

We now turn to the metal-free catalysts shown in Figure 2, which are also known to
contribute to the ORR, but to a much lesser extent than the FeNy metal sites free of fluo-
rine [59]. It has been demonstrated that these catalysts can produce uniformly descending
free energy steps for the reaction sequence (1), as for some of the FeNy sites (see Figure 4).
However, O, hardly adsorbs on these structures [45-49]. Our DFT calculations are in good
agreement with those previous works, as shown by the blue segments in Figure 8a,b, which
were obtained by considering the ORR active sites 5 and 1 in Figure 2a,b, respectively.
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Figure 8. Relative free energy at zero potential for the six steps (I-VI) of the ORR sequence (1) for the
sites shown in Figure 2 with (red segments) and without (blue segments) a F atom adsorbed on a
carbon atom. (a) Armchair configuration of N-doped carbon; (b) zigzag configuration of N-doped
carbon. The blue segments in (a) were obtained by considering the ORR activity of site 5 in Figure 2a.
The blue segments in (b) were obtained by considering the ORR activity of site 1 in Figure 2b. The red
segments in (a) were obtained by considering a F atom adsorbed on site 1 in Figure 2a, while keeping
site 5 as ORR active. The red segments in (b) were obtained by considering a F atom adsorbed on site
1 in Figure 2b, while considering the ORR activity of site 6.

We then verified whether the carbon catalytic sites can be poisoned by F or F,. For the
armchair configuration of Figure 2a, adsorption of F on the sites numbered from 1 to 5 were
tested. Table 3 shows that F can adsorb on the five sites with different binding energies.
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Site 1 has the strongest binding energy of —2.57 eV. When a F atom is adsorbed on site 1,
Figure 8a (red segments) shows that the catalytic site 5 remains active.

Table 3. Binding energies in eV for a F atom adsorbed on the 5 carbon sites of Figure 2a (armchair)
and Figure 2b (zigzag).

Structure Site 1 Site 2 Site 3 Site 4 Site 5
Armchair —-2.57 —-2.12 —2.33 —1.69 —-2.18
Zigzag -3.78 —3.52 —2.80 -2.36 —-2.97

For the zigzag structure we found that the catalytic site 1 in Figure 2b has the strongest
binding energy of —3.78 eV for E. In this case, we carried out a calculation of the catalytic
sequence on site 6 in Figure 2b. Even if the active site 1 is occupied by a fluorine atom,
the ORR can take place on site 6, as can be seen in Figure 8b (red segments). Additional
F-C bond length data for the five sites are given in Table A3. We note the anti-correlation
between F-C bond length and binding energy as well as the smaller values compared to
the F-Fe bond lengths given in Table Al.

We were unable to find a site where F, could be adsorbed on both the armchair and
zigzag structures, so that dissociation of F; is unlikely on these structures. Therefore, F,
has to be dissociated elsewhere, such as on the Fe sites, for instance, or at any oxygenated
functionality like COH, COOH, or C-O-C, known (by XPS) to be present at the surface
of our (and many other) non-PGM catalysts [33]. These calculations tend to confirm that
fluorination does not affect much the catalytic activity of the metal-free catalysts considered
here, thus providing an explanation for the residual ORR catalytic activity found after
fluorination up to a value of F/C = 0.27 (measured by NMR) of the fluorinated Fe/N/C
catalyst observed in the experiments reported in [33].

2.4. Defluorination of the FeNy Sites

Here we consider a question that has puzzled us for some time: the possibility to
thermally de-fluorinate at 900 °C previously fluorinated FeNy catalytic sites such as the
ones illustrated, for instance, in Figure 3d,e. Let us label these configurations F-FeN4—F
and F-FeNy, respectively. From Table 1, the binding energies of the fluorine adsorbates
on the Fe atom are —4.56 eV for F-FeN, and —7.88 eV for F-FeNy—F. Despite the high
binding energies of these bonds, it was experimentally found that the latter are broken
after a 30 min heat treatment at 900 °C in Ar of the fluorinated catalysts (no F1s XPS signal
anymore, as seen in Figure 6A of [33]). How is this possible when the thermal energy at
900 °C is only around 0.1 eV?

It is certainly not because of the special nature of the catalytic sites such as those
illustrated in Figure 3e,d, as Table 2 confirms that the FeNy sites illustrated in Figure 1 are
all characterized by Fe-F and F-Fe-F binding energies of several eV. De-fluorination is only
possible if the fluorinated FeNy sites are involved in reactions also involving either radicals
or small molecules released from the catalyst surface under heat treatment. Reactions (6-9)
below are examples of possible de-fluorination reactions. Our thermodynamic calculations
show that all these reactions are characterized by a negative free energy change AG at
900 °C, meaning that they are spontaneous at that temperature.

(F - FeN4_F)sohd + (CH.) gas A (F - FeN4)solid =+ Csolicl (graphene) + (HF) gas (6)

(F - FeN4)solid + (CH’> gas A (FeN4)Solid + Csolid (graphene) + (HF) gas @)

(F —FeNy—F) g + (CFe) ooy ¢ (F—FeNy)sotia + (CF,0) 0 ®)

2(F — FeNy—F) g + (CoF6 )gpe ¢+ 2(F — FeNy)olia +2(CFq ) gy ©)

In these examples, (CHe) gas’ (CFo)gas, and (C,Fe ) gas AT€ decomposition prod-

ucts [60] generated at 900 °C from the carbonaceous or from the fluorinated carbonaceous
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supports of the catalysts. The evidence for the release of such gases is documented by the
TGA curves already reported in several figures of [33] for these fluorinated catalysts.

3. Computational Methods

All DFT calculations reported here were done using the Vienna ab initio software
package (VASP) [61-64]. The calculations were performed using the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional [65]. The con-
vergence criterion on the relative energy was set to 107> and the plane wave energy cut-off
was set to 500 eV for all calculations. The Brillouin zone was sampled on regular 4 x 4 x 4
gamma grids. A graphene sheet with cell dimensions of a = 20.22 A and b = 14.88 A was
used as a model for the carbon support. A void of 15 A was included in the normal
direction to avoid interactions between the periodic FeNy-doped carbon layers. The doped
carbon structures were created by substituting carbon atoms of the graphene sheet by FeNy
groups or by N atoms in the case of metal-free catalysts. The positions of all atoms were
fully relaxed, except in the case of the two carbon layers, where the positions of the carbon
atoms were fixed to prevent the planes from moving relative to each other. However, for
the calculation of the activation energy of O, transiting between the two planes, in relation
to Figure 5a, we used constraints where the edges of the planes were fixed along the x-axis
while keeping the edges along the y-axis fixed, and vice versa. The activation energy was
almost the same (1.5 eV) in both cases. The binding energy of an adsorbate on a given site
was calculated using

Ecatalyst+adsorbate - (Ecatalyst + Eadsorbate) (10)

where Ecatalyst radsorbate 18 the energy of the carbon-doped catalyst with the adsorbate,
Ecataryst is the energy of the catalyst alone, and Ejgsorpate 1S the energy of the adsorbate far
from the catalyst. The energy of H™ + ¢~ is taken as half the energy of the H, molecule,
since Hj is at an equilibrium with its dissociated form Z(H+ +¢7) at the anode [43]. The
molecules of the gas phases considered in this work, namely Oy, Hy, and F,, are assumed
to be non-interacting with each other, which implies that only single molecules have been
considered. Each step of the catalytic sequence (1) corresponds to a free energy given by

G = Go + ZPE + TdS + Gy (11)

where Gy is the energy of the structure per cell, ZPE is the zero point energy, TdS is the
entropy term, and Gy is the solvation energy arising by the aqueous medium. As was
done in some of our previous works [52,54], for simplicity we assumed that the sum of the
last three contributions nearly cancels, in agreement with [43,66]. However, corrections
were brought to the intermediate state *O + HyO + Z(H+ +e¢7) and x + 2H,0 of the
reaction sequence (1), which were inferred to be +0.4 and —0.6 eV, respectively [43].

4. Conclusions

We used DFT to examine the consequences of fluorination of the FeNy-doped and
N-doped carbon catalysts used for ORR at the cathode of H,/O; fuel cells. The main
objectives of these calculations were to rationalize some of the experimental observations
and to verify our conceptual representation of the catalytic sites and processes. We have
considered several moieties of catalytic sites of FeNy-doped carbon with x ranging from
1 to 4. Most of them seem to be suitable catalysts for ORR because the free energy of the
supposed catalytic sequence decreases regularly at zero potential. When the FeNjy sites
are located on a single graphene layer, it turns out that F, binds to Fe at FeNy sites, with a
binding energy of approximately —2 eV, but is subject to dissociation, leaving a single F
on Fe with a binding energy of approximately —4 eV, which is stronger than the typical
binding energy of O; on Fe. In these conditions, ORR cannot happen on the F-poisoned
FeNy side, but is still possible on the other side of the F-FeNj site, even transforming
some otherwise poor un-poisoned FeNy catalytic configurations into better F-FeNy active
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ones. In addition, two F atoms can also bind to Fe on both sides of the carbon layer with
almost twice the binding energy of a single F. When this happens, the Fe site is completely
poisoned on both sides and is no longer able to catalyze ORR.

The occurrence of single graphene layers in actual catalysts is probably quite excep-
tional. Those are certainly better represented by several stacks of disorganized graphene
layers forming a network of connected micropores and mesopores. Therefore, we have
also examined the double graphene layer case where there is a second parallel carbon layer
at a distance of 3.6 A from the upper carbon layer carrying the FeNj sites. We found that
O, adsorption on Fe between the two carbon layers is stable and that OOH dissociates
spontaneously into O adsorbed on Fe and OH adsorbed on the opposite carbon layer.
Because O, adsorption increases the free energy by about 1 eV (and needs an activation
energy of around 1.5 eV) relative to free O,, the catalytic process is unlikely in this case,
even though the free energy of subsequent steps decreases monotonically. On the other
hand, we found that F, can adsorb on Fe between the two carbon layers without energy
expenditure, making this process more likely than for O,. These results suggest complete
poisoning of the FeNy sites through extensive fluorination of the catalyst, in agreement
with the experimental observations.

We then focused on the residual catalytic activity after fluorination by considering Fe-
free N-doped carbon armchair and zigzag structures for which previous DFT calculations
suggested a viable catalytic process although O; hardly adsorbs on these structures. For
both structures, the active catalytic site is a carbon atom near a N atom. We found that these
catalytic structures are not poisoned by F or F;, thus justifying a residual ORR catalytic
activity similar to that of the Fe-free catalysts observed for fluorinated Fe/N/C catalysts.

Finally, we provided an explanation for the recovery of ORR upon heating to 900 °C
after fluorination. This explanation is based on the presence of radicals or small molecules
released from the catalyst surface upon heat treatment. Most of the calculations presented
in this work are based on free energy levels that only indicate whether a catalytic process is
thermodynamically viable or not. A more thorough study would include the determination
of activation energies. These calculations are very computationally demanding and will be
the subject of future work.
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Appendix A

Table A1. Lengths in A of the bonds involving the F atoms in Figure 3a—e.

Structure/Bond F-Fe F-C F-Fe-F
a - - 1.74,1.98
b 1.77 1.66 -
C 1.76 1.64 -
d - - 1.78,2.05
e 1.79 - -
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Table A2. Bond lengths in A for free O, and for adsorbates on the structure of Figure 1j.

Structure/Bond F-Fe O-Fe-O OBO
0O, - - 1.23
Fe-0O, - 1.88, 1.88 1.35
F-Fe-0O, 1.80 1.92,1.92 1.32

Table A3. F-C bond lengths in A for sites 1 to 5 shown in the structures of Figure 2.

Structure/Position Site 1 Site 2 Site 3 Site 4 Site 5
Armchair 1.51 1.56 1.52 1.69 1.53
Zigzag 1.44 1.49 1.53 1.67 1.50
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Abstract: There is an ever-increasing trend toward bendable and high-energy-density electrochemical
storage devices with high strength to fulfil the rapid development of flexible electronics, but they
remain a great challenge to be realised by the traditional slurry-casting fabrication processes. To
overcome these issues, herein, a facile strategy was proposed to design integrating an electrode
with flexible, high capacity, and high tensile strength nanosheets with interconnected copper micro-
fibre as a collector, loaded with a novel hierarchical SnO, nanoarchitecture, which were assembled
into core-shell architecture, with a 1D micro-fibre core and 2D nanosheets shell. When applied as
anode materials for LIBs, the resultant novel electrode delivers a large reversible specific capacity
of 637.2mAh g~! at a high rate of 1C. Such superior capacity may benefit from rational design
based on structural engineering to boost synergistic effects of the integrated electrode. The outer
shell with the ultrathin 2D nanoarchitecture blocks can provide favourable Li* lateral intercalation
lengths and more beneficial transport routes for electrolyte ions, with sufficient void space among
the nanosheets to buffer the volume expansion. Furthermore, the interconnected 1D micro-fibre core
with outstanding metallic conductivity can offer an efficient electron transport pathway along axial
orientation to shorten electron transport. More importantly, the metal’s remarkable flexibility and
high tensile strength provide the hybrid integrated electrode with strong bending and stretchability
relative to sintered carbon or graphene hosts. The presented strategy demonstrates that this ratio-
nal nanoarchitecture design based on integrated engineering is an effective route to maintain the
structural stability of electrodes in flexible LIBs.

Keywords: anode; flexible electronics; nanosheets; SnO,

1. Introduction

Nowadays, an urgent and key task for energy conversion storage systems, in particu-
lar lithium-ion batteries (LIBs), is to develop advanced electrode materials with mechanical
durability and superior Li-storage performance for booming flexible energy storage appli-
cations in foldable smartphones, wearable electronic systems, and implantable device [1-5].
However, the design and fabrication of such a high-performance flexible electrode is still a
major challenge via a facile method because of the lack of optimal materials with the feature
of high special capacity and robust mechanical flexibility in electrochemical environments.
The traditional slurry-coating fabrication technology is not suitable for flexible LIBs because
the active materials often suffer from exfoliation or cracking in the process of frequent
bending. Furthermore, these additional binders in slurry would hinder electronic transport
and reduce the specific energy density of the battery, and conductive carbon black should
be added into the slurry to improve electrical performance.

In order to keep pace with the development of flexible energy storage systems and
solve these problems of excessive consumption of adhesives and carbon black (~30 wt%),
one of the most effective strategies is to construct an integrated electrode instead of slurry-
coating fabrication technology [6-11]. In this regard, searching for an appropriate flexible
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current collector and high-energy-density active material is crucial to achieving these goals.
To date, noteworthy progress in novel flexible electrodes has been achieved through chemi-
cal synthesis routes, including hydrothermal [12], sol-gel techniques [13], and CVD [14].
Nevertheless, most reported flexible energy storage devices are performed by using bio-
driven carbon or free-standing film, which are not strong enough to withstand frequent
mechanical deformations during practical use. Hence, an integrated electrode with robust
tensile strength and enhanced electrochemical performance is still plagued and needs to be
further improved.

Moreover, group IV element Sn in the form of metal oxide (SnO;) has particularly at-
tracted extensive attention as a promising anode material to replace conventional graphitic
carbon in current LIBs because of its uniqueness in terms of low cost, safe working po-
tential, high theoretical capacity, and environmental friendliness [15-19]. Nevertheless,
the simple structure, relatively low intrinsic conductivity, and vast structural variation
during the reversible insertion/deinsertion processes of the bulk SnO, powder keep it
from achieving its full capacitance potential. One of the effective strategies to mitigate
these problems is to develop structural engineering, including morphology control and
hybrid construction, which could alleviate the mechanical stress induced by large volume
change and prevent aggregation of the active domains [20-25]. However, these materials
still need to be mixed with a binder and carbon black and pressed onto metal substrates or,
alternatively, by being deposited onto a conductive substrate before they are assembled
into batteries, which makes them less flexible and have a low energy density. Integrated
electrodes, in which electrochemically active nanostructures are conformably coated on
conductive collectors, have been demonstrated with ultrafast power rate and long lifespan.
The successful integration of the sturdy conductive matrix support with elegant nanostruc-
tures improves the electrode performance and endows it with robust mechanical flexibility.
All these merits render this type of electrode very attractive for flexible power sources.

To combine the aforementioned merits and promote the development of flexible LIBs,
herein, we devised a novel route to fabricate SnO,-integrated electrode assembled by
core—shell architecture, with a 1D micro-fibre core and 2D nanosheets shell, targeting high
capacity and tensile strength LIBs. The copper micro-fibre clothes function as a superior
conductive pathway facilitating fast electrons transfer along the axial orientation but also
provide a high mechanical substrate assisting independent growth of SnO, nanosheets.
The nanosheets shells are vertically distributed on copper micro-fibre, forming core-shell
structure, which can provide a large electrode/electrolyte interfacial contact area. As
expected, when measured as anode materials of LIBs, we obtained a reversible lithium
storage capacity of 637.2 mAh g~! at a current density of 1C. The presented synthetic
strategy is effective and with low cost, which provides a novel route to design advanced
electrode materials for flexible LIBs.

2. Materials and Methods
2.1. Sample Synthesis

Prior to the synthesis, a piece of copper micro-fibre (CMF) textile (approximately
5 x 5 cm?) (Liaoning Copper Group, Liaoyang, China) was treated by ultrasonication
with 1 M hydrochloric acid solution (Aladdin, Shanghai, China), in order to remove the
CuO layer. In a typical hydrothermal synthesis of the SnO, nanosheets array, 12 mmol
SnCl, #2H,0 and 24 mmol NH4F were first mixed in 70 mL deionised water under magnetic
stirring (Aladdin, China). The clear and transparent solution was continuously stirred
for 0.5 h in the air. Then, the mixed solution was transferred into a 100 mL Teflon-lined
stainless steel autoclave. Afterwards, the CMF substrate was immersed in the solution. The
sealed autoclave was heated to 180 °C for 24 h. Subsequently, the grey cloth was cleaned
repeatedly with deionised water and ethanol under ultrasonic treatment and then dried
under N; gas flow. To investigate the formation of the nanosheet SnO;, a series of parallel
experiments were carried out by adjusting the molar ratio of fluoride/Sn.
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2.2. Materials Characterisation

The crystallographic information of the as-prepared materials was recorded with
powder X-ray diffractometry (XRD, Bruker D8 Advance, Bremen, Germany). The morpho-
logical features and microstructure of the sample were observed by using a field-emission
scanning electron microscopy (FE-SEM, 5-4800, Hitachi, Tokyo, Japan) and transmission
electron microscopy (TEM, JEOL JEM-2100F, Japan). X-ray photoelectron spectroscopic
(XPS, ESCALAB 250, Thermo Scientific, Waltham, MA, USA) was used to characterise the
surface composition of the sample.

2.3. Electrochemical Measurements

Electrochemical properties were measured using coin cells (CR2025), which were
assembled in an argon-filled glovebox (Mbraun, Unilab, Germany). The copper micro-fibre-
textile-supported ultrathin SnO; nanosheets were used directly as the working electrode for
the subsequent electrochemical tests without binders and conductivity carbon black. The
coated cloth was cut into disk electrodes (12 mm in diameter). To fabricate the SnO, power
working electrode, the active materials, super-P, and PVDF with a mass ratio of 80:10:10
were ground in NMP solvent to form a homogeneous slurry, which was then coated onto
the Cu foil by the doctor blade method and dried by heating in a vacuum oven (Yiheng,
Shanghai, China). The lithium foil was used as the cathode electrode. The commercial
electrolyte in the present measurements was a mixture of LiPF¢ in ethylene carbonate,
dimethyl carbonate, and diethyl carbonate (EC-DEC-EMC, 1:1:1 in v/v). Galvanostatic
cycling performances of the as-prepared coin cell were operated at room temperature on a
multi-channel battery testing system (Land CT2001A, Wuhan, China) with a cut-off voltage
of 1.2-0.01 V versus Li/Li*. Cyclic voltammetry (CV) curves were carried out by applying
a CHI-760E electrochemical workstation at a scanning rate of 0.1 mV s~ 1.

3. Results and Discussion

The flexible integrated electrode samples were fabricated via a facile in situ hydrother-
mal depositions of active material on the CMF without any post-treatment and use of
conventional carbon black additive and binder. The overall fabrication process of the SnO;-
integrated electrode is shown schematically in Figure 1. As detailed in the Experimental
Section, the acid-treated copper micro-fibre textile was immersed in a mixed solution of
stannous chloride dihydrate and ammonium fluoride, followed by a hydrothermal reaction
at 180 °C for 24 h, yielding the large-size free-standing SnO, nanosheets on the CMF. The
SnO;-integrated electrode materials display superior flexibility and robust mechanical
tensile, which can be cut directly into electrode pieces with a diameter of 12 mm.

o

¢ =

Hydrothermal

Free-standing SnO: nanosheets Integrated electrode]

Acid treated CMF

Figure 1. A schematic diagram for the fabrication procedure of SnO;, nanosheets on the CMF.

Firstly, the powder X-ray diffraction (XRD) technique was provided to determine
the composition characterisation of the as-prepared SnO, samples. Figure 2a displays the
crystallinity and phase purity of the SnO, nanosheets assembled integration materials. The
main three peaks at around 43.3, 50.4, and 74.1° correspond to the metal copper substrate.
Removing the Cu element signals from the substrates, all the diffraction peaks can be well
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indexed to the tetragonal rutile structure of SnO, (JCPDS Card no.41-1445). No impurities,
such as SnO or Sn, were detected, indicating the formation of pure SnO, nanosheets. In
addition, a piece of SnO, /CMF-integrated composite sample was put into a concentrated
nitric acid solution to remove the Cu substrates, and the resulting powers were purified
with deionised water and ethanol for subsequent testing. As shown in Figure 2b, the
XRD pattern indicated that the as-prepared powers after concentrated nitric acid treatment
were in a pure tetragonal rutile crystalline phase. Supplementary Figure S1 presents the
XRD pattern of the SnO, nanoflower assembled nanosheets synthesised by hydrothermal
method without CMF, which is in accordance with the above-mentioned sample.
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Figure 2. XRD pattern of SnO,: (a) nanosheets on the CMF; (b) nanosheets after HNOj3 treatment.

To further verify the near-surface chemical composition and the oxidation state of
element Sn in the as-prepared SnO; products, XPS measurement was then performed,
as shown in Figure 3. A survey XPS spectrum of SnO; nanosheet is clearly observed in
Figure 3a, indicating the existence of Sn and O elements. For the high resolution of element
Sn, two strong peaks centred at 486.8 and 495.2 eV in the XPS spectrum could match with
Sn 3ds5,, and 3d3,, states, respectively. This clearly indicated that tin was in the Sn (IV)
state in the nanosheets sample, which is in good accordance with previously reported

SI‘IOz [26].

(a) (b) Sn 3d
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Figure 3. XPS spectrum of SnO; nanosheets: (a) survey XPS pattern; (b) high-resolution XPS of Sn 3d.

FE-SEM and TEM images with different magnifications could provide information
about the surface morphology and crystallographic properties of the as-received products.
Figure 4a shows a typical SEM image of the uncovered SnO; nanosheets micro-fibre cloth
composed of perpendicular and smooth copper micro-fibre, which was interconnected into
a textile structure (20 x 20 um? squared pore) and served as the backbone for the growth
of SnO, nanosheets. As shown from Figure 4b, the hydrothermal treatment resulted in a
significant morphology change of the copper micro-fibre cloth from a relatively smooth
surface to a very rough surface, which indicated that the conductive substrate had been
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covered with the numerous SnO, nanosheets and formed a CMF@SnO, hybrid material.
Based on recorded top-view high magnification SEM images (Figure 4c—e), the outer sheath
in the presented 1D architecture consisted of a uniform sheet structure with a smooth
surface. Apparent open space between adjacent SnO, nanosheets presented sponge-like
porous architecture from the magnified SEM images (Figure 4d,e), which provided a large
interfacial area for electrolyte ion diffusion and ensured a short solid-state diffusion length
for fast Li-ion insertion/extraction. The direct growth of SnO; nanosheets on the copper
micro-fibre network collector enabled good contact and strong binding between SnO, and
copper micro-fibre without any binder and carbon black. Due to the high surface energy
effect of nanostructured materials, a large number of nanosheets were attached to the outer
of the integrated electrode (Supplementary Figure S2), which maybe bring more negative
effects on the subsequent electrochemical testing. Hence, the SnO;-integrated electrode
was purified under ultrasonic treatment. As a result, SnO; nanosheets in situ grown on
the CMF were not peeled off even after repeated bending or ultrasonic treatment due to
the present interconnected nanoarchitecture. Figure 4f shows the photograph of a copper
textile coated with a layer of grey SnO; nanosheets. Notably, similar to micro-fibre cloth,
the SnO;-integrated electrode with the nanosheets coating could be easily bent without
damage to the nanosheets, making them interesting for flexible batteries.

Figure 4. SEM images of (a) pristine copper microfibre cloth, where sub-millimetre pores can be clearly observed; (b) and

(c) low magnification images of the copper textile surfaces after SnO, nanosheets layers are grown; (d) and (e) high-

magnification SnO, nanosheets; (f) shows a photo of a piece of folded copper textile coated SnO, nanosheets.

Further microstructure information about SnO, nanosheets building blocks was ob-
tained from transmission electron microscopy (TEM) (Figure 5). As shown in Figure 5a—d,
the nanosheets structure could be clearly seen at low magnification. TEM further re-
vealed that the hierarchical SnO; nanoarchitecture was built up of highly porous intercon-
nected nanosheets. The curled geometrical morphology further showed that the presented
SnO, electrode materials exhibited significantly improved microstructural flexible perfor-
mance through nanostructured engineering. The average lateral size and thickness of the
nanosheets were found to be approximately 300 and 20 nm, respectively. The morphology
and size of the sample obtained from TEM were in good agreement with those observed in
the SEM images. Furthermore, Figure 5d shows the HR-TEM image and measured lattice
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fringes as 3.35 A, which is consistent with the (111) interplanar distance of the SnO, phase.
The inset of Figure 5d is the SAED pattern of a piece of SnO, nanosheets film, which clearly
demonstrates the polycrystalline nature of the nanosheets films.

Figure 5. (a—c) Typical TEM images of the nanosheets SnO,; (d) HRTEM images of the nanosheets
SnO;. The inset of d shows that these nanosheets are polycrystalline.

To gain insight into the effect of ammonium fluorides (NH4F) on the morphology
of SnO; nanostructure, fluoride-dependent experiments were carried out. As shown in
Supplementary Figure S3a, SnO, nanoparticles with an irregular shape and size of several
nanometres were obtained in the absence of NH4F, which confirmed that the NH4F was
key to the formation of the 2D SnO, nanoarchitecture. When the F/Sn molar ratio was 1,
hollow-nanosphere-shaped samples with coarse surfaces could be detected (Supplementary
Figure S3b). Once the F/Sn molar ratio was increased to 2, the well-defined 3D flower-like
SnO; hollow nanoarchitecture (or nanoflower) constructed by many 2D nanosheets were
generated, and their detailed characteristics are described in Supplementary Figure S3c,d.
However, the SnO; products could not be found in the Teflon-lined stainless-steel autoclave
if the molar ratio was increased to 4.

To prove the efficacy of the as-synthesis unique CMF@SnO; nanosheets architecture
as a potential anode material suitable for practical application, we next performed an
electrochemical evaluation of this integration electrode without adding any binders (PVDF)
and conductive black additives (CB) in half-cells. It is well known that the electrochemical
reaction process in the anode can be divided into two steps, as follows:

SnO, + 4Li* + 4e~ — Sn + 2LiyO )
Sn + xLi* + xe” < LiySn (0 < x < 4.4) (2)
Li* + e~ + electrolyte — SEI layer (3)
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To gain better insight into the electrochemical performance of the novel integration
anode, cyclic voltammetry (CV) characteristics of the initial four cyclic were first performed
between 0.01 and 3 V, at a scan rate of 0.1 mV s~ 1. As can be seen from Figure 6a, there was
a substantial difference between the first and the subsequent cycles. In the first cathodic
process, there were significant reduction peaks at 0.8 to 1.0 V, which is related to the
conversion of tin dioxide to metallic tin and lithium oxide, and the formation of SEI layer
on the electrode surface, as illustrated in Equations (1) and (3) [23,24]. Note that there was
a strong reduction peak located at around 0.05 V, which is assigned to the formation of the
LixSn alloys process (Equation (2)). In the subsequent anodic scan, a strong peak at 0.6 V
corresponded to the phase transition from Li,Sn alloy to metallic Sn, which increased in
intensity as the cycle number was increased. This phenomenon could be explained by the
activation of the reversible reaction that occurred in the electrode materials [27]. Beyond
that, oxidation peaks around 1.3 and 1.9 V were also observed for the SnO,-integrated
anode materials [23,24,28]. This observation might suggest partial reversibility of the
reaction by Equation (1), which is also observed for the nano-sized SnO; and SnO, /carbon
composites [29,30]. In the following process of CV testing, the peak potentials of anodic
and cathodic curves were almost coincident, and the peak intensity changed very slightly,
indicating robust cycling stability of SnO,-integrated anode.
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Figure 6. (a) Cyclic voltammograms (CVs) of nanosheet-assembled SnO;-integrated electrode; (b) discharge—charge voltage
profile of nanosheet-assembled SnO;-integrated electrode between 0.01 and 1.2 V at a rate of 1 C; (c) cycling performance
and coulombic efficiency (CE) of nanostructured SnO, electrode; (d) cycling performance at different rates (14 C) of
nanosheet-assembled SnO,-integrated electrode.

Furthermore, the galvanostatic charge and discharge measurements of the nanosheet-
assembled SnO,-integrated electrode were carried out at a high rate of 1 C for 1st, 2nd,
3rd, 50th, and 70th cycles in order to study Li-storage performance. It can be clearly
seen that the nanosheet-assembled SnO,-integrated electrode showed a similar curve to
those of SnO; anode materials and delivered a large initial discharge and charge capacity
of 1518.1 and 818.6 mAh g~!, respectively. The capacity loss, compared with the first
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cycle, may be mainly attributed to irreversible side reactions, such as the trapping of some
lithium in the lattice, formation of solid—electrolyte interface (SEI) layer, and electrolyte
decomposition [23,24,28-30]. Nonetheless, perfect reversibility of the capacity was still
obtained, and the charge and discharge capacities gradually stabilised in the following
70 cycles.

Cycle stability is another important parameter of the nanosheet-assembled SnO,-
integrated electrode. Figure 6c displays the cycling performance of the nanosheet-assembled
SnO;-integrated electrode with a voltage window of 0.01-1.2 V at a current rate of 1 C. It
can be seen that the cycling of the nanosheet-assembled SnO;-integrated electrode was
quite stable, which delivered a high reversible capacity of 637.2 mAh g~ ! after 70 cycles.
It is should be noted that an average Coulombic efficiency of higher than 99% could be
obtained up to 70 cycles after the second cycle. In Table S1, we compared the specific
capacity of the proposed SnO,-integrated electrode with the relevant free-standing an-
ode, including SnO,/CNTs, SnO,/graphene, and SnO; nanoarchitecture on the metal
conductive substrate. Given these results, it is expected that synthesising SnO,-integrated
anode assembled by nanosheets could promote the electrochemical performance of SnOs.
Moreover, we also performed the as-synthesised nanoflower, nanosphere, and nanoparticle
test as an anode material by the traditional slurry-casting fabrication processes. In compar-
ison, the charge capacity of nanoflower remains 438.5 mAh g~ !, outperforming that of the
theoretical capacity of graphite (372 mAh g~!). The nanosphere assembled by nanoparti-
cles had an initial capacity of 1383.3 mAh g™, quickly decreasing to 287.5 mAh g~ ! after
70 cycles. The nanoparticles without fluorine-doped SnO, showed a relatively low capacity
of 123.08 mAh g~ ! after 70 cycles; in particular, the first 10 cyclings deteriorated sharply
with the increasing cycle. It is suggested that such nanosheet-assembled SnO,-integrated
electrodes could provide more interconnection between the building blocks and a more sta-
ble porous structure due to the effective prevention of dense aggregation of the nanosheets.
Such a superior Li-storage performance of nanosheet-assembled SnO;-integrated electrode
should be ascribed to the reasonable structural design on structural engineering to boost
synergistic effects. The ultrathin 2D nanoarchitecture blocks provide favourable Li* lateral
intercalation lengths and more beneficial transport routes for electrolyte ions, and the
interconnected 1D micro-fibre core with outstanding metallic conductivity can offer an
efficient electron transport pathway along axial orientation to shorten electron transport.
More importantly, the metal’s remarkable flexibility and high tensile strength endow the
hybrid integrated electrode with strong bending and stretchability relative to sintered car-
bon or graphene hosts. Further, for the electrode realised by the traditional slurry-casting
fabrication processes, the better cyclability of nanoflower and nanosphere than that of
nanoparticle also supports the key role of fluorine-doped strategy [31,32].

To further evaluate the improved electrochemical performance of the SnO;-integrated
anode, the rate capability at diverse larger current densities was also investigated, which
is important for practical applications of LIBs. Benefiting from its unique structure, the
nanosheet-assembled SnO,-integrated electrode revealed an exceptional cycling response
to a continuously varying current rate. As displayed in Figure 6d, the representative
specific capacities were about 731.17, 677.55, 567.30, and 423.71 mAh g_1 at current rates of
1C,2C,3C,and 4 C, respectively. The specific capacity slightly decreased as the current
density increased, and it could still be maintained a very stable cycling capacity of above
423.71 mAh g1, corresponding to nearly 100% Coulombic efficiency when the current
density was up to 4 C, which was still higher than the theoretical capacity of graphite
(372 mAh g~ 1). More importantly, when the current density was adjusted back to the
original current density again, the specific capacity of the SnO,-integrated electrode still
regained the initial reversible value after the high-rate test for the 40 cycles, implying
superior stability of the present SnO;-integrated electrode.

Opverall, using microscopic 2D self-assembled materials combined with a macroscopic
2D metal conductor to prepare integrated electrodes is one of the most promising strategies
to increase ion and electron transport kinetics toward present LIBs. According to the above
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results, the presented SnO;-integrated anode showed significantly improved capacity and
rate performance. Clearly, the excellent improvement of electrochemical performance of
the nanosheets SnO, arrays on the copper micro-fibre electrode can be attributed to two
reasons. Firstly, self-supported nanosheets arrays growing directly on a current-collecting
substrate represents an attractive nanoarchitecture for LIBs. Such structural feature of thin
sheets combined with enriched pores built from the stacking of nanosheets is beneficial
to rapid Li* intercalation and diffusion of electrolyte into the inner region of the elec-
trode, high electrode—electrolyte contact area, and good stain accommodation. Moreover,
each nanosheet has its own contact with the substrate at the bottom, which can ensure
every nanosheet participates in the electrochemical reaction and effectively prevent the
aggregation of the SnO;, nanosheet. Secondly, the copper grid was selected as an effective
substrate because of its high conductivity, 2D planar structure, and larger mechanical
strength, compared with carbon materials. Furthermore, the proposed technique also saves
the tedious process of mixing active materials with ancillary materials such as carbon black
and polymer binders.

4. Conclusions

In this study, we presented a cost-effective, scalable, and effective approach to fab-
ricate SnO; nanosheets cluster arrays directly grown on a 2D-interconnected conductive
network with robust mechanical flexibility via a facile hydrothermal route. Such integrated
electrodes possess a network configuration, which offers more beneficial transport routes
for electrolyte ions and guarantees an intimate contact between active and current col-
lectors. As a result, the SnO;-integrated electrode with novel nanoarchitecture shows an
excellent electrochemical Li-storage performance with a high capacity up to 637.2 mAh g~!
at 1 C rate and excellent rate capability of 423.71 mAh g~! at 4 C rate. Such superior cyclic
stability and capacity may benefit from the well-designed electrode to boost synergistic
effects, which include shortened Li* diffusion distance in the 2D nanoarchitecture blocks,
sufficient void space among the nanosheets to reduce volume expansion, and a substrate
with superior flexibility and robust tensile strength. The presented strategy provides a new
synthetic idea for engineering tin-based energy storage systems with high electrochemical
performance and robust mechanical flexibility.

Supplementary Materials: The following are available online, Figure S1: XRD pattern of nanoflower
SnO, assembled by nanosheets without CMF, Figure 52: SEM image of the integrated electrode
before ultrasonic treatment, Figure S3: SEM image of SnO, samples at 180 °C for 24 h: (a) without
NH4F; (b) F/Sn = 1; (c,d) F/Sn = 2, Table S1: Comparison of electrochemical properties of nanosheet-
assembled SnO;-integrated electrode with other reported Sn-based free-standing anode materials.
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Abstract: The development of high efficient stacks is critical for the wide spread application of proton
exchange membrane fuel cells (PEMFCs) in transportation and stationary power plant. Currently,
the favorable operation conditions of PEMFCs are with single cell voltage between 0.65 and 0.7 V,
corresponding to energy efficiency lower than 57%. For the long term, PEMFCs need to be operated at
higher voltage to increase the energy efficiency and thus promote the fuel economy for transportation
and stationary applications. Herein, PEMFC single cell was investigated to demonstrate its capability
to working with voltage and energy efficiency higher than 0.8 V and 65%, respectively. It was
demonstrated that the PEMFC encountered a significant performance degradation after the 64 h
operation. The cell voltage declined by more than 13% at the current density of 1000 mA cm~2, due
to the electrode de-activation. The high operation potential of the cathode leads to the corrosion
of carbon support and then causes the detachment of Pt nanoparticles, resulting in significant Pt
agglomeration. The catalytic surface area of cathode Pt is thus reduced for oxygen reduction and
the cell performance decreased. Therefore, electrochemically stable Pt catalyst is highly desirable for
efficient PEMFCs operated under cell voltage higher than 0.8 V.

Keywords: proton exchange membrane fuel cell; high energy efficiency; durability; degradation;
Pt/C catalyst

1. Introduction

Proton exchange membrane fuel cells (PEMFCs), as clean and efficient energy conver-
sion devices, have attracted much attention for their promising application in transportation
and stationary power plants [1,2]. However, the large-scale commercialization of PEMFCs
is still hindered by the high operating costs, mainly due to the low fuel economy and
unsatisfied durability [3-6]. Fuel cell energy efficiency is defined as the ratio of output
power to the consumed hydrogen enthalpy. For low temperature PEMFCs, the theoretical
energy efficiency is about 83%, calculated by dividing the high heating value of hydrogen
(286 k] mol ') by the Gibbs free energy of fuel cell reaction (237 k] mol~!). Currently, the
favorable operation conditions of PEMFCs are with single cell voltage between 0.65 and
0.7V, corresponding to energy efficiency lower than 57% [7]. For the long term, PEMFCs
need to be operated at higher voltage to increase the energy efficiency and thus promote
the fuel economy for transportation and stationary applications. To this end, the U.S.
Department of Energy (DOE) has set the technical target of fuel cell systems and stacks for
transportation application, with peak energy efficiency increased to 65% in 2020 and 70%
in the future [8], respectively. The Japanese government also released the strategic road
map for fuel cells by reaching energy efficiency of over 55% in about 2025 and over 65%
in the future for stationary applications. Accordingly, PEMFCs should demonstrate the
capability of working at a single cell voltage higher than 0.8 V.
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The lifetime of PEMFCs is also critical for commercialized applications. For transporta-
tion, the lifetime needs to meet the 5000 h target and for stationary power, 40,000 h lifetime
is required [9]. In recent years, much efforts have been devoted to the durability investiga-
tion of PEMFCs under dynamic operations to mimic the transportation drive cycle [10-15],
including idling [16,17], load-cycling [18-20], and start-up/shut-down operation [21-23].
Wang et al. [19] conducted a 900 h duration of accelerated stress test on PEMFC using the
drive cycle test protocol developed by Chinese NERC Fuel Cell & Hydrogen Technology,
and results showed that the cell performance declined by more than 10% with an average
voltage decay rate of 70 1V h~!. It was proposed that the degradation of key materials
in PEMFCs is generally caused by the presence of elevated or fluctuating potential at
electrodes under dynamic operations [24-28]. Lin et al. [23] adopted an in-situ segmented
cell testing technology to analyze the degradation mechanism of the membrane electrode
assembly during start-up and shut-down cycles, and results showed that the performance
of fuel cells significantly decreased after 1800 cycles.

With the energy efficiency increased, PEMFCs work at higher voltage, and this brings
the challenge for their durability. Although there are many investigations on PEMFC
durability, the electrochemical stability of the state-of-the-art materials is still unclear when
operated with cell voltage higher than 0.8 V. In this work, PEMFC single cell durability
was investigated by operating it at an energy efficiency of over 65%. The performance
degradation and the material deterioration were investigated. It was shown that the
electrode catalyst was corroded electrochemically and the reaction activity was decreased
by over 13% after the 64 h operation. Results indicate that the current catalyst support is
not durable for highly efficient PEMFCs and more robust Pt support is needed.

2. Results and Discussion
2.1. Durability Test of PEMFC

To mimic the operation of PEMFC at a cell voltage higher than 0.8 V, so that the
efficiency exceeds 65%, the operating current density was set at 80 mA cm~2. The durability
of PEMFC was then evaluated by constant-current operation for 64 h (Figure 1a). The
performance of PEMFC was monitored by measuring the polarization curves every 4 h.
In Figure 1b, the cell voltage showed slight fluctuation due to the disturbance caused by
the polarization measurement. After each measurement, the voltage decayed from about
0.85V to 0.81 V, probably due to the re-balance of water content in PEMFC.
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Figure 1. (a) Current density versus time and (b) cell voltage variation versus time under the current
density of 80 mA cm~2.

The polarization curves profiled during the operation were shown in Figure 2 to
analyze the whole-range performance. Although the cell voltage at 80 mA cm~?2 displayed
little change after the 64 h operation, PEMFC performance decreased significantly at the
current density above 1000 mA cm 2. The cell voltage dropped by 91 mV at 1000 mA cm~2,
corresponding to 13.4% performance loss. Considering the short operation duration of only
64 h, the degradation is remarkable, indicating the material deterioration within the cell.
Further investigation of the polarization curve indicates that there are increased kinetic,
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ohmic, and mass transfer loss. The voltage degradation rate was calculated at 300, 1000,
and 1400 mA cm 2 to demonstrate the performance loss severity at various region. As
shown in Figure 3, more significant voltage loss and sharper decay rate were found at
higher current density.
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Figure 2. Polarization curves during the durability test.
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Figure 3. (a) Cell voltage versus operation duration and (b) the voltage degradation rate at different
current densities.

To determine the type of polarization loss, electrochemical impedance spectroscopy
(EIS) measurement was carried out at the current density of 150 mA cm~2 (Figure 4). By
fitting the Nyquist plots, the membrane resistance and charge transfer resistance were
obtained. Results show that a slight change was observed for the membrane resistance
(Table 1), indicating that the change of proton exchange membrane is negligible during the
64 h test. The charge transfer resistance was found to be increased with the elapse of testing
time. After the 64 h test, the charge transfer resistance increased from the initial value of
69.76 mOhm to finally 88.97 mOhm (Table 1), suggesting that the apparent catalytic activity
was reduced during the durability test probably due to the loss of Pt active sites.
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Figure 4. (a) Nyquist plots and (b) equivalent circuit fitting results at 150 mA cm~2 before and after
durability test.
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Table 1. Fitting results of EIS using equivalent circuit and the ECSA results.

Test Time Rm Standard Rct Standard ECSA ECSA
(h) (mOhm) Error (mOhm) Error (m2g-1) Loss (%)
0 15.19 0.000102 69.76 0.00046 28.6 0
16 17.18 0.00014 74.80 0.00064 25.2 11.9
32 13.06 0.00011 83.07 0.00067 23.7 17.2
48 14.36 0.00012 86.80 0.00073 19.9 30.6
64 14.93 0.000096 88.97 0.00056 18.2 36.6

Rm: membrane resistance; Ret: charge transfer resistance; CPE: constant phase angle element.

To investigate the degradation of Pt/C electrocatalyst, we performed the CV mea-
surement with the scan rate of 50 mV s~! for PEMFC cathode to estimate the cathode
electrochemical surface areas (ECSAs, unit: m? g’lpt). The value of ECSA indicates the
amount of available active sites in the catalyst layer for the oxygen reduction reaction
in the cathode. Large ECSA is favorable for a high performance cathode. The ECSAs
were calculated by measuring the hydrogen desorption charge integrated from the cor-
responding potential region in CV curves assuming 0.21 mC cm~2 as the charge that is
required for oxidizing the hydrogen monolayer on Pt. For comparison, all the calculated
ECSAs at different test times are normalized by the initial value. As shown in Figure 5,
the corresponding current densities for both the desorption of adsorbed hydrogen and the
reduction of Pt-Ox both gradually decrease with the elapse of the testing time, indicating
the reduction of ECSAs during the durability test. Therefore, the effective Pt active sites
in the cathode were decreased under the high-voltage operation condition. A further
investigation indicates that the normalized ECSAs can be linearly fitted with the operation
duration. As shown in Figure 6, an average degradation rate of 0.57% h~! was deduced for
cathode ECSA.
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Figure 5. CV curves profiled during the 64 h durability testing.
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Figure 6. (a) Normalized ECSA loss measured during the 64 h test; (b) Linear fitting of normalized
ECSA loss with operation duration.
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2.2. Physicochemical Characterization of the Cathodei Catalyst Layer

The durability of the catalyst layer is critical for the lifetime of the fuel cell because the
catalyst layer is heart component in membrane electrode assembly for the fuel cell stack.
Significant degradation of the catalyst layer leads to the increase in the kinetic polarization
loss, irreversibly affecting the durability of fuel cells [29]. Therefore, physicochemical
characterizations were carried out to investigate the degradation mechanism of the catalyst
layer under the durability test. SEM images show that the cathodic catalyst layer displays a
relatively smooth surface distributed with the Pt/C catalyst before the test (Figure 7). After
64 h operation, the surface of the cathodic catalyst layer becomes rougher than the initial
catalyst layer, with some collapsed pores in some regions. It implies that the operation at a
high voltage has a negative effect on the microstructure of cathodic catalyst layer due to
the presence of high potential, and also indicates that the current key materials in fuel cells
are not durable.

Figure 7. SEM images of the cathodic catalyst layer surface (a) before and (b) after 64 h durability test.

TEM characterization was performed to observe the microstructure change of the
cathodic catalyst layer before and after the test (Figure 8). TEM images show that the
Pt nanoparticles in the Pt/C electrocatalyst mostly exhibit a spherical morphology with
an average particle size of approximately 4.0 nm before the test. After the 64 h test, Pt
nanoparticles aggregate seriously with an enlarged particle size of approximately 5.4 nm.
The obvious growth of Pt nanoparticles is consistent with the change of ECSAs and form
CV curves, further confirming that the Pt utilization decreases under such high working
cell voltage. Furthermore, the morphology of these Pt nanoparticles changes to be irregular
and complex in comparison to their initial morphology, showing significant agglomeration
of Pt nanoparticles after the 64 h test. This results reveals that a serious degradation of the
Pt/C catalyst in the cathode occurs, which is due to the lasting presence of high potential
above 0.8 V. It probably causes corrosion of the carbon support in the Pt/C catalyst, and
then leads to the loss of Pt reactive sites, that is, Pt nanoparticles fall off from the carbon
surface and agglomerate with an enlarged particle size. Therefore, the effective Ptreactive
sites are reduced and ultimately result in a decline in the electrocatalytic activity and thus
a decrease in the fuel cell performance.

To investigate the change of surface element composition and content on the cathodic
catalyst layer, XPS measurement was conducted for the sample before and after the dura-
bility test (Figure 9a). XPS spectra show the presence of C, Pt, E S, and O on the surface of
the cathodic catalyst layer for both before and after the 64 h test, indicating that the main
component for the cathodic catalyst layer is the Pt/C catalyst and Nafion ionomer. Further
investigations showed that the Pt content decreases significantly after the 64 h test, from
4.75 at% to 3.72 at% (Table 2). The decrease of Pt content after the durability test further
indicates that Pt nanoparticles might detach from the carbon support due to the corrosion
of carbon under high potential, which is consistent with the TEM results.
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Figure 8. TEM images of cathode Pt/C catalyst before (a,b) and after (c,d) the 64 h test at a current
density of 80 mA cm~2.
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Figure 9. (a) XPS survey spectra, (b) XRD patterns, and (c) FTIR spectra of the cathodic catalyst layer
before and after the 64 h test. (d) Contact angle test of the cathodic gas diffusion layer before and
after the 64 h test.

Table 2. Elemental composition and content before and after the 64 h test.

Element C at% O at% F at% Pt at% S at%
Initial 49.05 8.24 36.21 4.75 1.75
After 64 h test 49.58 9.48 35.37 3.72 1.84

XRD patterns were conducted for the membrane electrode assembly before and after
the 64 h test (Figure 8b). Results show the diffraction peaks at 39.76°, 46.24°, 67.45°,
and 81.29° are assigned to the (111), (200), (220) and (311) planes, respectively, of face-
centered cubic (fcc) structured Pt (JCPDS No. 04-0802). The peaks at 18.10° and 26.60° are
corresponding to the polytetrafluoroethylene (PTFE) (100) and C (002) plane, respectively,
which also confirms the main component of Nafion ionomer and Pt/C catalyst in the
catalyst layer. After the 64 h test, no other crystal structure was observed in the membrane
electrode assembly. However, the Pt (111) peak becomes sharper than the initial sample,

96



Molecules 2021, 26, 3932

indicating the larger crystalline size of Pt after the durability test, which is in agreement
with the TEM results. FTIR test shows that the peaks at 1383, 1231, and 1158 are assigned
to the stretching vibrations of 5=O bond, asymmetric C-F bond, and symmetric C-F bond
(Figure 8c), respectively, confirming the presence of Nafion ionomer. After the 64 h test,
no obvious change was observed for the infrared characteristic peaks, indicating that the
Nafion ionomer in the catalytic layer did not change obviously. The contact angle test
results indicated that the contact angle of the cathodic gas diffusion layer changes negligibly
after the 64 h test (from 143.2° to 140.8°) (Figure 8d), suggesting that the durability test did
not affect the hydrophobicity of the gas diffusion layer.

3. Materials and Methods
3.1. Fuel Cell Test

A PEMFC with an active area of 5 cm? was tested by a Scribner 850e fuel cell test
station from Hephas Energy Co., Ltd. The catalyst-coated membrane (CCM) sample
purchased from the Shaoxing Junji Energy Technology Co., Ltd., Shaoxing, China, in 2019
was fabricated by coating the commercial Pt/C catalyst on Nafion 212 membrane and then
combined with two gas diffusion layers to form the membrane electrode assembly. The
Pt loading in the anode and cathode catalyst layer is 0.2 and 0.6 mg cm 2, respectively,
and the fuel cell temperature was set at 80 °C. The flow of hydrogen (H;) and the air
was controlled at 200 and 800 mL min~!, respectively, with the back pressure of 100 kPa
and gas relative humidity (RH) of 100% for both anode and cathode. Electrochemical
impedance spectroscopy (EIS) test was performed by applying a sine wave distortion (AC
perturbation) of 10% DC current amplitude under the galvanostatic mode (frequency range:
10 kHz-100 mHz) to record the impedance spectra with air in cathode and Hj in the anode.
Cyclic voltammetry (CV) test was conducted to characterize the change in the loss of Pt
sites with N in cathode and H; in anode at the scan rate of 50 mV s~ 1.

3.2. Material Characterization

The morphology of the sample was characterized by the scanning electron microscope
(SEM, JEOL FE-JSM-6701F) and the transmission electron microscopy (TEM, JEM-2100,
JEM-2010F, JEOL, Tokyo, Japan). The surface element composition and content was charac-
terized by X-ray photoelectron spectroscopy (XPS) (Thermo Fisher Scientific ESCALAB
250) using an Al Ka source. The crystal structure of the sample was characterized using
a D/max-2500 X-ray diffraction diffractometer (XRD) equipped with Cu K« radiation.
Fourier transform infrared (FTIR) spectra were recorded on a Nicolet 6700 FTIR spectropho-
tometer in the range 400-4000 cm '

4. Conclusions

In summary, we have evaluated the durability behavior of a single PEMFC at a high
energy efficiency (over 65%) that operates at a voltage higher than 0.8 V and elucidated
the material degradation as characteristic. The cell performance decays with a rate of
~1.37 mV h~! at a current density of 1000 mA cm~2 during the 64 h test. The decisive factor
for the durability deterioration of PEMFC is the degradation of Pt/C catalyst in cathode,
showing an obvious growth of Pt nanoparticles with significant Pt aggregation under this
operation due to the lasting presence of high potential. This work indicates that the current
catalyst is not sufficiently durable for highly efficient PEMFCs, and thus, the exploration of
a robust catalyst that is more resistant to a high potential is significantly urgent.
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Abstract: Hydrogen is regarded to be one of the most promising renewable and clean energy
sources. Finding a highly efficient and cost-effective catalyst to generate hydrogen via water splitting
has become a research hotspot. Two-dimensional materials with exotic structural and electronic
properties have been considered as economical alternatives. In this work, 2D SnSe films with high
quality of crystallinity were grown on a mica substrate via molecular beam epitaxy. The electronic
property of the prepared SnSe thin films can be easily and accurately tuned in situ by three orders
of magnitude through the controllable compensation of Sn atoms. The prepared film normally
exhibited p-type conduction due to the deficiency of Sn in the film during its growth. First-principle
calculations explained that Sn vacancies can introduce additional reactive sites for the hydrogen
evolution reaction (HER) and enhance the HER performance by accelerating electron migration and
promoting continuous hydrogen generation, which was mirrored by the reduced Gibbs free energy
by a factor of 2.3 as compared with the pure SnSe film. The results pave the way for synthesized 2D
SnSe thin films in the applications of hydrogen production.

Keywords: SnSe; 2D materials; hydrogen evolution; water splitting; DFT calculations; defect engineering

1. Introduction

With the increase in CO, emissions due to the use of traditional energy sources such
as coal-fired electricity and oil-powered cars, the global warming leading to the sea level
rise, glaciers melting, and frequent extreme weather has become an issue of increasing
concern all over the world. To address this challenge, the concept of “carbon neutrality”
was coined in 2005 [1,2], which referred to an equilibrium between the CO; emissions in
the atmosphere and the removal or capture of CO, from the atmosphere generating net
zero emissions. Several effective strategies have been proposed to reduce the amount of
CO, emissions, such as planting more trees, encouraging use of renewable energy sources,
improving energy efficiency, and developing clean transportation. Hydrogen energy is
such a kind of lean energy source with high efficiency and environmental benefits, whose
“fuel” is hydrogen and/or hydrogen-containing compounds. Water splitting is considered
to be the most promising pathway for hydrogen production, as it is recyclable, clean, and
abundant. According to the thermodynamics of water splitting, the energy required to
break one mole of water is 237 k] [3,4], and the potential needed is at least 1.23 V [5,6]. To
dissociate water molecules into hydrogen and oxygen by means of photoelectrochemical
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catalysis, various semiconductor materials have been used as catalysts, such as TiO, [7,8],
SrTiO; [9,10], BiVOy [10-12], and chalcogenide compounds [13,14].

To match the hydrogen reduction potential and water oxidation potential, wide-
bandgap semiconductors are usually used as catalysts, which absorb only the sunlight in
the UV range that comprises only a small amount of the solar irradiation energy. Other fac-
tors limiting the splitting efficiency include low charge separation efficiency, fast electron—
hole recombination, and slow kinetics of the water redox reaction [4]. Although het-
erogenous junctions and Z-scheme structures have been designed to boost water splitting
efficiency [10,15-18], most of the conventional catalysts still exhibit insufficiency because
of the long migration path of the photogenerated carriers and lack of reactive sites.

Two-dimensional (2D) materials have attracted great interest in catalytic applications
due to their anisotropic physical and electronic properties, high carrier mobility, tunable
energy bandgaps, and high surface-to-bulk ratio facilitating enrichment of reactive sites
and shortening the migration distance of carriers. Very recently, various 2D materials, such
as graphene [19], graphitic carbon nitride (g-C3Ny) [20], MoS; [21], MoSe; [22], WSe; [23],
and oxosulfide [24], have been synthesized for the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER) activities. Belonging to the family of 2D transition metal
chalcogenides, tin monoselenide (SnSe) has also received researchers” attention due to its
simplicity in structure and fabrication, inexpensiveness of constituent sources, superior
performance for catalytic activity, and compatibility with diverse thin film preparation
techniques. It has been studied as a catalyst for CO, reduction [25]. However, there
are few studies on the hydrogen generation using SnSe as the catalyst. SnSe crystalizes
in an orthorhombic unit cell, in which atoms are strongly connected by covalent bonds
within the layer whereas weak van der Waals interactions occur between the layers [26,27].
This unique structure enables SnSe to easily achieve 2D /2D or 2D /3D stacking forming
heterostructures for the catalytic activity.

In this paper, layered SnSe films with high quality of crystallinity were successfully
grown on mica substrates. A full width at half maximum (FWHM) of the XRD rocking
curve was achieved as narrow as 0.121° on the SnSe (004) plane, which might be the best
value ever reported and suggests highly textured growth orientation along its c-axis with
excellent crystallization quality. Electrical measurements revealed that the films showed
a p-type conductivity due to Sn vacancies in the film with a carrier mobility as high as
34 cm?/(Vs) and a sheet resistivity of 1.5 x 10* Q)/square. The vacant defects can be
effectively tuned by a separate elemental tin compensation source, tailoring resistivity
in the range of three orders of magnitude. First-principle calculations using the Vienna
Ab Initio Simulation Package (VASP) revealed that the presence of Sn vacancies in the
SnSe film reduced the Gibbs free energy by a factor of 2.3 as compared with the pure
SnSe. It was explained that Sn vacancies on the surface of layers provide more reactive
sites and favor separation and transportation of photogenerated electrons, facilitating the
continuous hydrogen evolution reaction. Our results pave the way to explore such novel
2D materials as economical alternatives to the expensive platinum-based catalysts for
hydrogen generation.

2. Materials and Methods
2.1. Preparation and Characterization of Materials

SnSe films were deposited on mica substrates using the molecular beam epitaxy (MBE)
technique, in which compound SnSe pieces with 5N purity (purchased from American
Elements, Los Angeles, CA, USA) were used as the evaporation source and tin pellets with
5N purity (purchased from American Elements, Los Angeles, CA, USA) were employed
as the compensation source, loaded in separate K-cells. The substrate temperature was
kept at about 250 °C for film growth, while the SnSe source was heated up to 450 °C for
evaporation. The temperature of the tin source varied in the range between 700 °C and
800 °C to compensate the Sn vacancies and regulate the electrical property of the SnSe film.
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The crystal phase of the prepared SnSe films was examined by XRD, which was per-
formed using a Rigaku Smartlab 9 kW X-ray diffractometer with the incident wavelength of
15406 A (Rigaku Corporation, Tokyo, Japan). Atomic force microscopy (AFM) was employed
to depict the film surface morphology using a Bruker NanoScope 8 (Billerica, MA, USA) in
the tapping mode. Ultraviolet photoelectron spectroscopy (UPS) was used to determine the
work function of the prepared SnSe film, which was recorded on an Escal.ab 250 spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) with an energy step of 20 meV, using He(I)
radiation (hv = 21.22 eV) as the UV source. A Bio-Rad 5500 Hall system (Hercules, CA, USA)
equipped with a permanent magnet with a magnetic flux density of 0.32 T was used to
determine the electrical property applying the four-probe van der Pauw method.

2.2. Computation Details

Density functional theory (DFT) computations were performed using the plane-wave
basis set in the VASP with the projector augment wave (PAW) method [28,29]. Exchange
and correlation effects for the structural relaxation were approximated by generalized gradi-
ent approximation (GGA) utilizing the Perdew—-Burke—Ernzerhof (PBE) functional [30,31].
The Grimme custom method for DFT-D3 correction was employed to precisely depict
the impacts of van der Waals interactions [32,33]. The HSE06 (Heyd—-Scuseria—Ernzerhof)
functional was utilized for electronic structure computations because the PBE functional
typically underestimates the bandgap value [28]. The cutoff energy was set to be 500 eV for
the plane-wave basis set. The Brillouin zone (BZ) was sampled using a 8 x 7 x 3 k-point
Monkhorst-Pack sampling grid for the bulk SnSe and a2 x 2 x 1 grid for the SnSe mono-
layer. The convergence criteria of energy and force were 1 x 107> eV and 0.01 eV /A,
respectively. A vacuum layer of 15 A was added along the c-axis of the SnSe monolayer to
avoid the impact of the periodic layer.

To obtain further insights into the HER performance of SnSe, DFT simulations were
conducted to compute the free energy (AGy+) of H adsorption, which is usually employed
as a key indicator for HER activity. To find which surface is more conducive to the HER, an
SnSe monolayer surface and a surface with one Sn defect introduced were constructed as
shown in Figure 1.

The adsorption of H atoms on the surface was studied, and the hydrogen chemisorp-
tion energy was computed as follows:

1
AEn+ = Esiap+1 = Estab,clean = 5 EHy,gas @

where Egp, 17 stands for the total energy of the adsorbed hydrogen atom on the surface,
Estap,clean 18 the calculated energy of a clean surface, and Ep, g5 is the total energy of an H,
molecule in the gaseous state.

The free energy of the systems can be expressed as follows:

AGy+ = AEy+ + AEzpg — TASH 2)

where AGy+, AEg+, AEzpg, and ASy denote the free energy of the system, the aforemen-
tioned adsorption energy, the zero-point energy change, and the entropy change between
adsorbed hydrogen and hydrogen in the gaseous state at standard conditions, respectively;
ASy is roughly equal to %AS H,» Where ASy, is the entropy of an isolated H, molecule in
the gaseous state at standard conditions; therefore, the value of TASy is approximately
—0.2 eV. AEzpg can be described as follows:

1
AEzpp = EJpp — EEgﬁﬁ (©)

where Ef, - and E?I%E represent the zero-point energy of an adsorbed hydrogen atom as
well as of a hydrogen molecule in the gaseous state, respectively.
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Figure 1. The structure of SnSe. (a) Unit cell of bulk SnSe. (b) Top view and perspective view of
the constructed SnSe supercell. Navy-colored balls represent Sn atoms and green balls represent Se
atoms. The red circle indicates an Sn vacancy.

3. Results and Discussion

Being a 2D layered material, high-quality SnSe layers can be obtained on mica sub-
strates, which also belong to the class of 2D materials providing a chemically inert, atomi-
cally flat, and electrically insulating surface [26]. As shown in Figure 2, only the diffraction
peaks at 15.3°, 30.9°, 47.1°, and 64.4° originating from the SnSe (002) family planes emerge
in the XRD pattern, suggesting a highly textured growth along its c-axis, namely per-
fect layer-by-layer stacking. In addition, an in-plane phi scan of the SnSe (016) plane
with respect to the SnSe (001) plane was conducted by tilting the sample at an angle
of x = 24.71° and setting the incident x-ray angle of 20 = 52.17° as shown in Figure S1 in
the Supplementary Materials. As a result, the lattice constants of SnSe can be derived to be
a=442A,b=419 A, c=11.57 A. The XRD pattern and the calculated crystal parameters
are in excellent agreement with the JCPDS database (No. 1089-0236). The inset in Figure 2
describes the XRD rocking curve carried out on the SnSe (004) plane with respect to a mica
substrate. The narrow peak demonstrates an FWHM as small as 0.121°, which might be the
narrowest value ever reported and indicates excellent quality of SnSe crystallinity [26,27].

The AFM morphology is displayed in Figure 3. The root-mean-square (RMS) rough-
ness was calculated to be 1.03 nm (on a two-micron scale), indicating a very flat SnSe (001)
surface. Orthorhombic terrace-like features emerged with the size of ~500 nm and a height
of 0.68 nm on the average, signifying the monolayer thickness, which is consistent with the
value obtained from the XRD data in Figure 2.

The Hall measurements revealed that the prepared SnSe film exhibited a p-type
conductivity due to Sn deficiency during the crystallization, introducing acceptor states
in the film. The Hall mobility was measured to be 34 cm?/(V-S) at the sheet resistivity
of 1.5 x 10* Q)/square. Fortunately, Sn defects can be effectively compensated by adding
elemental tin atoms simultaneously during film growth and the amount of compensating
tin atoms incorporated in the film can be precisely regulated by varying the elemental tin
source temperature. As shown in Figure 52 in the Supplementary Materials, sheet resistivity
can be adjusted three orders of magnitude larger than that without Sn compensation,
making the SnSe crystal nearly perfect with the least Sn vacant defects.
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Figure 2. X-ray diffraction 6-26 scan probing the out-of-plane orientation of the SnSe film on a mica
substrate. The inset shows the rocking curve conducted on the SnSe (004) plane.
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Figure 3. (a) AFM morphology of SnSe on a mica substrate. (b) The height profile along the blue line in (a).

First-principle calculations revealed that Sn vacancies in the film played an important
role in electrocatalysis acting as reactive sites. Geometry optimization of the SnSe unit cell
leading to the abovementioned lattice constants was executed before the simulations. The
band structures and density of states (DOS) calculated using the HSEO6 method for bulk
SnSe are plotted in Figure 4a,b. It can be seen that the band nature of bulk SnSe is indirect
and the band gap is computed as 1.20 eV, which agrees with our experimental value of
1.18 eV. To further investigate the electronic structure of the system, the work function of
the SnSe (001) surface was simulated as well. The larger the work function, the less likely
our system would lose electrons and the more stable it would be. The calculation formula
of work function is as follows:

D = Epee — EF (4)

where @ is the electronic work function, Ey, is the energy of the vacuum level, and Er is
the energy of the Fermi level. Through calculations, it was found that the energy of the
vacuum level was 4.624 eV and the Fermi level was located 0.4563 eV above the valence
band maximum. The average electrostatic potential is presented in Figure 4c. The work
function of the SnSe (001) surface was thus calculated to be 4.1677 eV, which agrees well
with the value of 4.18 eV derived from the UPS measurement as shown in Figure 4d.
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Figure 4. Energy diagrams of SnSe. (a) Energy bands in the HSE functional calculations. (b) DOS in the HSE functional
calculations. (c) Average electrostatic potential of the SnSe (001) surface. The red dashed line shows the energy at the

vacuum level. (d) Work function of SnSe measured by UPS.

HER activity was evaluated by plotting a two-state HER free energy diagram [31],
which contains the initial H" + e~ state, the intermediate adsorbed H* and the final %Hz
product. It is well-known that an optimum HER site has a free energy change AGp+ of
hydrogen adsorption close to zero [34,35]. The HER performance of the SnSe monolayer
is summarized in Figure 5. It is clearly observed that the clean basal surface of the SnSe
monolayer possesses a AGy+ value of 1.54 eV, demonstrating relatively poor HER activity.
However, when an Sn defect site was introduced, it was obviously found that AGpy-
substantially decreased to 0.66 eV, namely by a factor of 2.3, indicating that the HER
performance of SnSe can be greatly boosted by introduction of Sn vacancies acting as
reactive sites.

To understand the effect of Sn vacancies on the electronic structure of the SnSe mono-
layer, the density of states was again computed with the presence of an Sn vacancy. Addi-
tional electronic states near the Fermi level appeared within the bandgap of SnSe as shown
in Figure 6. Thus, the electrical conduction of Vg, was substantially enhanced, suggesting
that electrons can easily transfer to the reactive sites on the surface, which is beneficial
for continuous hydrogen generation. Therefore, DFT calculations demonstrated that Sn
vacancies increased the electrical conductivity and reduced the AGy+ value, leading to a
great enhancement in the HER activity.
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Figure 5. The adsorption Gibbs free energy of H adsorbed on the SnSe monolayer surface. Clean
represents the clean SnSe monolayer surface. Vg, represents the SnSe monolayer surface with one
Sn defect.
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Figure 6. Density of states of two different surfaces. (a) Clean SnSe monolayer surface. (b) SnSe monolayer surface with one

Sn defect.

4. Conclusions

Hydrogen is regarded to be one of the most promising strategies for the development
of clean and renewable energy, especially pushed by the carbon neutrality pledges from
companies and governments around the world. For clean energy conversion, 2D materials
have attracted much attention due to their unique structural and electronic properties,
among which SnSe has been recognized as an economical alternative to expensive platinum-
based catalysts for hydrogen evolution. In this work, SnSe layers with excellent crystallinity
were prepared on a mica substrate using the MBE technique. The films exhibited a perfect
layered structure and p-type conductivity, which were attributed to Sn vacancies. However,
Sn defects can be easily and accurately regulated by a separate elemental Sn source in
a wide range to meet the application requirements. First-principle calculations via the
VASP revealed that it is because of the Sn defects more reactive sites are introduced,
substantially lowering the Gibbs free energy of H adsorption on the SnSe surface and
boosting the HER activity. Enhanced hydrogen evolution performance through controllable
defect engineering demonstrated that such 2D SnSe shows great promise for hydrogen
generation applications.
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Supplementary Materials: The following are available online. Figure S1: XRD in-plane phi scan of
SnSe (016) with respect to the SnSe (001) plane; Figure S2: Variation of SnSe sheet resistivity with the
tin compensation source temperature.
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