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1 Introduction

Investigation on electrocatalytic performance and
material degradation of an N-doped graphene-
MOF nanocatalyst in emulated electrochemical
environmentst

Niladri Talukder, ©2 Yudong Wang, @2 Bharath Babu Nunna, @°® Xiao Tong, ®¢
Jorge Anibal Boscoboinik @ ¢ and Eon Soo Lee ©*?

To develop graphene-based nanomaterials as reliable catalysts for electrochemical energy conversion and
storage systems (e.g. PEM fuel cells, metal-air batteries, etc.), it is imperative to critically understand their
performance changes and correlated material degradation processes under different operational
conditions. In these systems, hydrogen peroxide (H,O,) is often an inevitable byproduct of the catalytic
oxygen reduction reaction, which can be detrimental to the catalysts, electrodes, and electrolyte materials.
Here, we studied how the electrocatalytic performance changes for a heterogeneous nanocatalyst named
nitrogen-doped graphene integrated with a metal-organic framework (N-G/MOF) by the effect of H,O,,
and correlated the degradation process of the catalyst in terms of the changes in elemental compositions,
chemical bonds, crystal structures, and morphology. The catalyst samples were treated with five different
concentrations of H,O, to emulate the operational conditions and examined to quantify the changes in
electrocatalytic performances in an alkaline medium, elemental composition and chemical bonds, crystal
structure, and morphology. The electrocatalytic performance considerably declined as the H,O,
concentration reached above 0.1 M. The XPS analyses suggest the formation of different oxygen functional
groups on the material surface, the breakdown of the material's C-C bonds, and a sharp decline in
pyridinic-N functional groups due to gradually harsher H,O, treatments. In higher concentrations, the
H,O,-derived radicals altered the crystalline and morphological features of the catalyst.

Keywords: Nitrogen-doped graphene-based electrocatalyst; Metal-organic framework; Hydrogen peroxide
effect on catalyst; Electrocatalytic performance; Material degradation.

of-care disease detection devices,"* magnetic memories,">'® and

so on. For different electrochemical systems (PEM fuel cell,

Graphene-based materials have attracted special attention in
recent decades as these materials showed impressive physical,
chemical, and electrochemical properties such as mechanical
strength, high surface area, thermal conductivity, electrical
conductance, capacitance, etc.' indicating their applicability in
numerous fields such as electrochemical energy conversion and
storage systems,”® supercapacitors,” ' photocatalysis,"* ™ point-
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metal-air battery, electrochemical H,O, synthesis, etc.), the
substantial economic disadvantage of using precious metal-based
catalysts to promote the sluggish electrochemical reactions has
driven researchers to develop viable alternative catalysts. Readily
available graphene-based materials have shown high potential as
electrochemical catalysts recently. However, at this point,
graphene-based electrocatalysts require numerous studies to
improve their catalytic parameters such as performance stability,
material degradation, onset potential, surface fouling, etc.
Different approaches are being taken to polish up the
electrocatalytic properties of graphene-based materials; one
of the largely explored directions is introducing defects by
doping a variety of heteroatoms (N, B, P, S, etc.) into the
graphene structure so that its electronic properties can be
modulated. Nitrogen-doped graphene (N-G) has gained
distinct interest as the doped nitrogen atoms can form bonds
with the carbon atoms of graphene in different orientations
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which create different nitrogen functional groups
(substitutional/graphitic-N, pyrrolic-N, pyridinic-N, pyridinic-
N-oxide, etc.), and each of these functional groups shows
unique functionalities in electrochemical environments. The
electrocatalytic performances of N-Gs appear promising, yet
further improvements are needed in different electrocatalytic
parameters to consider these materials as reliable alternative
catalysts for electrochemical systems. An approach to
enhance the current density of N-G catalysts is to integrate
them with other materials with adventitious properties for
electrocatalytic activity.

Metal-organic frameworks (MOFs) are among the
advantageous materials for the catalytic process. With micro
and nano pores, crystal units with cavities, and high surface
areas, MOFs can offer paramount structural requirements for
heterogeneous catalysts.”'® Zeolitic imidazolate framework-8
(ZIF-8) is one of the popular members of the MOF family
because of its unique structural and chemical properties. In
Fig. 1 the schematics of the structural forms of N-G and ZIF-
8's unit cell are shown. Previously ZIF-8 was integrated with
N-G to synthesize an N-G/MOF nano-catalyst. The N-G/MOF
nano-catalyst  exhibited  electrocatalytic =~ performances
comparable to the standard 10 wt% platinum supported by
carbon (Pt/C) catalyst.”'*” The extended surface area
brought by ZIF-8 in the N-G/MOF structure aided in hosting a
larger number of catalytically active sites (e.g. N functional
groups from N-G) and the porous crystal structure of ZIF-8
improved the reactant/product transport process. As a result,
the reaction rate was enhanced substantially which was
manifested as high current density.

The N-G/MOF material can be taken as a representative of
both graphene-based and MOF-based electrocatalysts, hence,
in this study, we used it to investigate how the presence of
H,0, and other H,0,-derived highly oxidative species in
electrochemical systems affects both N-G and MOF materials
and accordingly reduce the catalytic performance during
operation. Such a study is crucial for carbon-based high-
potential electrocatalysts; the materials must maintain their
catalytic activity as well as structural integrity in considerably
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harsh reaction environments of the electrochemical systems
for a long period.

The electrochemical oxygen reduction reaction is one of
the most studied processes for electrochemical energy
systems. In this process, there are several known pathways
for catalyst degradation. H,O,-driven degradation is a major
one.”® In electrochemical systems, the direct 4-electron
transfer oxygen reduction reaction pathway is desirable as it
ensures maximum current density output. However, on
carbon-based catalysts, both direct 4-electron and two-step
2-electron transfer oxygen reduction reaction processes were
observed.?® When the 2-electron transfer ORR proceeds, H,O,
or HO, species are generated as the intermediate products
as shown below.

The ORR in alkaline medium:

0, + H,0 +2¢” — HO, + OH_ (1)

HO, + H,0 +2e” — 30H" (2)

H,0, or HO, species are unstable substances in
electrochemical environments and can be readily

decomposed into highly oxidative radicals such as OH', H',

and OOH’ both chemically and/or electrochemically.>*"
Electrochemical H,0, decomposition:
H,0, +e — OH +OH’ (3)
or
H,0, — HOO +H' + e (4)

Chemical H,0, decomposition:
H,0, + OH — HOO™ + H,O (in alkaline medium) (5)
When these highly oxidative species (OH', H, OOH’) are

produced in electrochemical systems, either electrochemically
or chemically, they immediately affect the catalysts, electrodes,
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Fig. 1 Schematics of the chemical structures of nitrogen-doped graphene (N-G) and zeolitic imidazolate framework-8 (ZIF-8). The unit cells of
ZIF-8 are dodecahedral-shaped; the sphere at the center represents the cavity created by the framework.
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and even the electrolyte materials. For such activities, H,O, is
often known as the ‘carrier of disaster’ for electrochemical
systems.

Numerous studies evaluated the performance durability of
different graphene-based catalysts for oxygen reduction
reaction with the consideration of material degradation
process by H,0,;***7® however, most of them are limited to
reporting H,0, yield from the electrochemical reaction under
different conditions. Besides, most of these studies were
conducted on transition metal-based catalysts (especially iron
(Fe)-based ones) supported by some forms of carbon, rarely
graphene; the primary focus was invested on the dissolution
of Fe sites due to H,0,-derived species.**”™*° Lefévre et al.
reported the H,0, yield from five Fe-based carbon-supported
catalysts in the electrochemical environment. This study
concluded that H,0, treatments decreased the catalytic
performances of the samples; delamination of Fe contents by
H,0, treatment is one of the possible causes for that.*' The
effect of H,0, on the carbon structure of the catalyst was not
included in their study. Wu et al. performed a performance
durability study on their synthesized polyaniline (PANI)-
derived non-precious metal-based catalyst supported by
Ketjen carbon black.”” Their study suggests that a peroxide-
rich environment is detrimental to such catalysts. However,
changes brought by the oxidative attack of H,O,-related
radicals on the carbon support were not probed here.
Goellner et al. conducted experiments to understand the
H,0,-induced degradation phenomenon of three transition
metals Fe, Co, and Cr supported by N-doped carbon
catalysts.”®> They applied an ex situ hydrothermal reflux
process to treat the catalysts with different concentrations of
H,0,. Their investigation mostly remained focused on the
H,0,-driven changes in the catalytically active sites around
the metal atoms. Effects of H,0,-derived oxidative species on
the graphene structure remained mostly beyond the scope of
this study. Xing et al. conducted a brief study to understand
the degradation of graphene by hydrogen peroxide. Their
study mainly focused on the changes in defect structures on
graphene caused by H,0,-derived radicals, which did not
provide sufficient information regarding the chemical
structural changes in the material.** It is evident that a
substantial knowledge gap exists on the H,0,-driven
performance changes and material degradation process of
graphene-based catalysts for electrochemical systems.

In this study, we have investigated the electrocatalytic
performance losses and corresponding material degradation
pathways of an advanced carbon-based nano electrocatalyst
N-G/MOF by the effect of H,O, and H,O,-derived oxidative
species. As the same oxidative species/radicals (OH', H',
OOH’) are generated by both electrochemical and chemical
decomposition of H,0, (eqn (3)-(5)), to emulate the H,0,
driven catalyst degradation phenomena under different
operational conditions, we have chemically treated five
samples of the N-G/MOF catalyst with five different
concentrations of H,0,, and observed the physical and
chemical changes brought by the treatments and studied
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how the corresponding electrocatalytic performances were
affected. The electrocatalytic performances of the samples
were evaluated by a three-electrode rotating disk electrode
(RDE) system. The samples were analyzed by X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD),
and scanning electron microscopy (SEM) to quantify/identify
the changes in their compositions, chemical bonds, crystal
features, and morphologies caused by H,0,. The
experimental reports presented in this study should serve as
guides for the improvement approaches of a vast array of
potential catalysts that involve graphene-derived and MOF-
based materials for the next-generation electrochemical
systems.

2 Results and discussion
2.1 Changes in the electrocatalytic performance

The changes in electrocatalytic performance of N-G/MOF
samples in alkaline medium caused by H,0, treatments were
evaluated by comparing the cathodic ORR current densities
generated by the samples, measured through the LSV
technique in an RDE system (detailed in the Experimental
section). All the LSV curves for individual N-G/MOF samples
presented in this section are the average of multiple repeated
LSV data sets obtained under identical conditions. For all the
individual LSV curves, the current density values at different
applied potentials remained within a standard deviation of
0.31 mA cm .

2.1.1 ORR catalytic performance loss in alkaline medium.
Fig. 2 compares the LSV curves of all the N-G/MOF samples
in oxygen saturated 0.1 M KOH electrolyte. For all the
samples, the reaction started at around 0.7 V indicating that
the H,0, treatments did not affect the onset potential of the
N-G/MOF catalyst in alkaline medium. The onset potentials
of electrocatalysts represent the intrinsic electron properties
of their active sites. This observation implies that, although
the effect of H,O, on the N-G/MOF -catalyst's chemical
structure manifested clearly at lower applied potentials (vs.
reversible hydrogen electrode - RHE), the local electronic
structure of the active sites remained unchanged, at least for
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Fig. 2 Electrochemical performance evaluation of the as-synthesized
and H,O, treated N-G/MOF samples in alkaline medium (0.1 M KOH),
experimentally taken by the LSV technique of the RDE system.
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a considerable number of active sites, so that the reaction
could initiate at the same applied potential for each of the
samples. The current densities at lower applied potentials
(vs. RHE) deviated for the samples. The as-synthesized N-G/
MOF sample produced the highest cathodic current densities
throughout the applied potential range. All the samples
showed a peak at around 0.42 V. The cathodic current density
for the as-synthesized N-G/MOF around this peak region is
-2.9 mA cm > which corresponds to an electron transfer
number of around 2.5 (calculated by the Levich equation for
this specific alkaline condition),*> which indicates the HO,"
ion-producing 2-electron transfer ORR at this potential
region. The drop in current density at around 0.26 V was
caused by a high rate of HO, ion production favoured by the
specific applied potentials after the first peak which may
have hindered the influx of reactants to the active sites.*®

The LSV curve of the 0.01 M H,0, treated N-G/MOF
suggests that the effect of H,0,-derived radicals on the N-G/
MOF's catalytic performance was not severe for this H,O,
treatment. At lower applied potentials (vs. RHE) the cathodic
current densities from this sample remained close to the
ones of the as-synthesized N-G/MOF. The 0.1 M H,0, treated
sample showed a lower performance than the as-synthesized
N-G/MOF throughout the potential range and the peak
cathodic current density was reduced by around 7%
compared with the as-synthesized N-G/MOF. The current
density critically depends on some material properties of the
catalyst such as porosity, surface area, number of active sites
on the surface, electronic nature of the active sites, etc.; all
these properties are directly related to the material and
chemical structures of the catalyst.

The LSV curve of this sample indicates that, although not
severe, the material and chemical structures of the N-G/MOF
was altered noticeably by 0.1 M H,O, treatment which was
unfavourable for facilitating the reaction. The -catalytic
activity sharply dropped for the N-G/MOF samples treated
with H,0, of higher concentrations: 0.5 M, 1 M, and 5 M,
indicating a drastic change in the material and chemical
structures of the N-G/MOF catalyst caused by the oxidative
radicals from H,0,. The cathodic ORR current density
dropped by 40% for the 5 M H,O,-treated N-G/MOF
compared to the as-synthesized N-G/MOF. While probing the
specific reactions between H,0,-derived species and the N-G/
MOF, which essentially caused the structural degradation,
was beyond the scope of this study, nonetheless, some
important indications were obtained from these observations:
at higher H,0, concentrations than 0.1 M, the highly
oxidative radicals considerably reduced the catalytic
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performance of the N-G/MOF, most likely by altering the
N-doped graphene structure, as well as reduced the porosity
of the material by deforming the ZIF-8's crystal units. Table 1
presents the comparison of electron transfer numbers for the
samples calculated from the generated current densities at 0
V vs. RHE. The electron transfer numbers suggest that the N-
G/MOF could facilitate the 4-electron transfer ORR to some
degree till the treatment with 0.1 M H,0,.

2.2 Changes in the elemental compositions and chemical
bonds

The changes in electrocatalytic performance of the N-G/MOF
due to H,0, treatments indicated that the structural
properties of the material were altered, and these alterations
should be observable in terms of the changes in elemental
compositions and different chemical bonds. The changes in
elemental compositions of the N-G/MOF were observed by
obtaining XPS survey scans on each of the samples. And the
changes in the different chemical bonds of carbon, nitrogen,
and oxygen were quantified by taking C 1s, N 1s, and O 1s
narrow scans and peak fittings based on the standard
binding energy of the bonds from the XPS database.

2.2.1 Changes in elemental compositions. Fig. 3 shows
how different elements of the N-G/MOF samples (C, N, O, Zn,
Zr, and Fe) changed with the increment of the H,0,
concentrations used for treatments. The experimental data for
relative ratios are provided in the ESI} (Table S1). An increase in
the oxygen content in the N-G/MOF was observed as they were
treated with gradually higher concentrations of H,0,. This
indicates the formation of different oxygen functional groups
on the N-G/MOF surface. Identifying these functional was
beyond the scope of this study; nonetheless, the trendline of
oxygen indicates that these oxygen functional groups were
higher in number when the N-G/MOF was exposed to higher
concentrations of H,0,, which may have played a key role in
inactivating the active sites of the N-G/MOF."® On the contrary,
the relative ratios of carbon in the samples gradually dropped
as the H,0, concentrations increased. As only a few nanometers
of depth from the material surface could be probed by this XPS,
the gradual drop of carbon contents also suggests the formation
of oxygen groups on the N-G/MOF surface. The relative ratios of
nitrogen also dropped slightly by increasingly harsher H,O0,
treatments. Nitrogen atoms in graphene-based catalysts are
known to generate catalytically active sites in the material,
however, the RDE data (Fig. 2) showed a gradual drop in
electrocatalytic performances of the N-G/MOF with increasingly
harsher H,0, treatments, which appeared to be in contrast with

Table 1 Electron transfer numbers calculated from the generated current densities by the N-G/MOF samples in alkaline (0.1 M KOH) medium at 0 V vs.

RHE

H,O0, concentrations for the treatments

of N-G/MOF samples 0 (M)

0.01 (M)

0.1 (M) 0.5 (M) 1 (M) 5 (M)

Electron transfer number, n 3.35

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 3 Changes in the elemental relative ratios of the N-G/MOF samples with increasing concentration of H,O, used for the treatments. The data

was obtained by the UHV-XPS system.

the observed trend of changes of N content in the N-G/MOF.
These observations indicate that the oxidative radicals from
H,0,, at higher concentrations, removed a portion of N atoms
from the material's surface, and may also have rendered some
of the nitrogen atoms in a form that could no longer support
the catalytic reaction, in alkaline medium. The relative ratio of
zinc (from ZIF-8) slightly increased which may be an indication
of the deformation of ZIF-8's crystal structure by H,O,
treatments which exposed the Zn atoms more toward the
catalyst's The contents of zirconium and iron
(impurities from the synthesis process) also remained
somewhat unchanged. This suggests that, with an inactive
nature, zirconia most possibly did not interact with the
oxidative radicals from H,O,.

2.2.2 Changes in carbon bonds. Fig. 4 presents the C 1s
narrow scan spectra of each of the N-G/MOF samples. The
relative ratios of different carbon bonds were determined by
synthetic peak fitting on the experimental XPS spectra based
on the standard binding energies of different carbon bonds.
For this graphene-based material, the Shirley backgrounds
were employed to construct the peaks. The peaks' binding
energy positions and full width at half maximum (FWHM)
were restricted as appropriate for the material type. The
overall synthetic data envelopes reasonably followed the
experimental XPS spectra shown as residual standard
deviations in each of the plots. In C 1s plots for the N-G/MOF
samples, the peak positions around 281 eV, 284.5 eV, 286.2
eV, 288.1 eV, and 289.1 eV are assigned to the C-metal, C-C,
and/or C-H, C-O, C-N, and C=O0 bonds. Fig. 4a shows the C
1s spectra of the as-synthesized N-G/MOF. Apparently, as the
catalyst was treated with gradually increasing concentrations
of H,0,, Fig. 4b-f, the overall C 1s spectra regions
broadened, and the data noise levels increased even though
20 consecutive C 1s narrow scans were taken to obtain each
of these data sets. As the local chemical structure has a direct
influence on the energy of photoelectrons emitted from
specific atoms, this observation on C 1s plots suggests a

surface.
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higher molecular level interaction between the H,0,-derived
species and carbon atoms of the N-G/MOF as the H,0,
concentrations increased.

The quantifications of different carbon bonds are
summarized in Fig. 5; the relative ratios of different carbon
bonds in N-G/MOF samples were plotted with the
corresponding concentrations of H,O, used to treat them. The
relative ratios of C-C (carbon-carbon) bonds sharply dropped
as the H,0, concentration increased. The chemical structures
of N-G and ZIF-8 suggest that the primary locations of the C-C
bonds in the N-G/MOF are the hexagonal honeycomb shape
lattice of graphene and the imidazole linkers of ZIF-8 (Fig. 1).
The declining trend of C-C bonds suggests the possible
disintegration of both graphene's honeycomb structure and ZIF-
8's crystal units to some degree because of the oxidative attack
of H,0,-derived radicals.” " Deformation of graphene's
honeycomb structure should result in a disrupted pi-electron
network in N-G. On the other hand, damage to the ZIF-8
structure should reduce the electrocatalytic performance of the
N-G/MOF by being incapable of hosting a large number of
catalytically active sites, also the capacity for reactant/product
transport can be reduced. The trend of the current density
values obtained from the RDE experiments (Fig. 2) is in
agreement with this observation of the changes in relative ratios
of the C-C bond.

The relative ratios of the C-O (carbon-oxygen) bonds also
appeared to be in a declining trend with the increment of H,0,
concentration. This implies that the oxygen-containing species
from H,0, most likely formed bonds with the existing oxygen
functional groups on graphene (recalling that the GO was used
as the graphene source, which contained different oxygen
groups in its chemical structure). The relative ratios of C-N
(carbon-nitrogen) bonds slightly increased although the
elemental ratio of N slightly decreased (as seen in Fig. 3).
Recalling the RDE data, again this observation suggests the
existence of some form of C-N bonds that possibly did not
support the catalytic reaction. To this aspect, the deactivation of
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Fig. 4 XPS analyses of the C 1s narrow scan spectra of N-G/MOF samples: (a) as-synthesized N-G/MOF; (b) 0.01 M; (c) 0.1 M; (d) 0.5 M; (e) 1 M;

and (f) 5 M H,O, treated N-G/MOF.

nitrogen sites of the N-G/MOF by the formation of the NH;
group through protonation is a compelling possibility.>> A slight
decline in C-metal bonds implies the dissociation of metal
atoms from graphene structure by H,O, treatments to some
degree (most possibly Fe by Fenton reactions). A higher level of
data fluctuation for the relative ratios of C-metal bonds was
observed. This most possibly occurred by the effect of the highly
complex molecular structure and a substantially lower ratio of
metal atoms on the XPS narrow scan data acquisition process.
At higher concentrations of H,0, treatments increased C=0
was observed in the N-G/MOF which suggests the formation of
additional ketone groups on the N-G/MOF.>

© 2023 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

2.2.3 Changes in nitrogen bonds. The changes in different
nitrogen bonds in the N-G/MOF due to the H,0, treatments
were quantified by analyzing the N 1s narrow scan spectra of
the samples. Considering the low elemental ratios of N atoms
in the N-G/MOF samples, 40 consecutive narrow scans were
taken in the binding energy range of 385 eV to 410 eV to
construct each of the N 1s XPS spectra. In Fig. 6, the N 1s
spectra of the N-G/MOF samples are presented where the N
bonds were quantified through fitting peaks corresponding
to the standard bonding energies of different N bonds. The
peaks around 396.6 eV, 398.6 eV, 398.9 eV, 400.71 eV, 401.49
eV, and 403.78 eV are assigned to the physisorbed or
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particulate nitrogen, pyridinic-N, N from the imidazole ring,
pyrrolic-N, graphitic-N, and pyridinic-N-oxide, respectively. In
the N 1s plots in Fig. 6, it is noticed that the spectra region
gradually broadened, and the data became noisier which
again suggests that the local chemical structure of the
material became increasingly complex as the H,0,
concentrations for treatments increased, even though for
each N 1s XPS spectrum 40 scans were taken to maintain
statistical soundness.

The changes in different N bonds are summarized in
Fig. 7. Most of the N-bonds decreased with the increment of
H,0, concentration. The nitrogen group from imidazole
rings of ZIF-8 and the pyridinicN group from N-G
experienced a sharp decline as the H,O, concentration
increased. Following this observation, the sharp decline in
the catalytic performance of the N-G/MOF with higher
concentration H,0, treatment (Fig. 2) suggests that these two
nitrogen groups were the main active site inducers in the N-
G/MOF catalyst. The decline of nitrogen contents from
imidazole rings however also suggests the disintegration of
ZIF-8 crystal units, which is also responsible for the drop in
the catalytic activity as seen in the RDE data. The pyrrolic-N
functional group and graphitic-N are the other two
significant catalytic sites in N-G materials. Only a slight drop
in these groups because of the H,O0, treatments is observed,
which agrees with the fact that the N-G/MOF still could
support catalytic activities to some degree under harsher
H,0, conditions. The contents of physisorbed or particulate
nitrogen remained almost unchanged, most possibly formed
through the breakdown of other nitrogen groups. The overall
declining trend of the elemental ratios of nitrogen in the N-
G/MOF (Fig. 3) and the declining trends of most of the
nitrogen bonds with increased H,O, concentration suggest
that the oxidative species from H,0, have removed a portion
of nitrogen atoms from the N-G/MOF during the H,O,
treatments.

2.2.4 Changes in oxygen bonds. To corroborate the XPS
analysis results of different C and N bonds, the N-G/MOF
samples were also analyzed for the oxygen bonds. The
changes in the oxygen bonds in the N-G/MOF samples due to
the H,0, treatments were evaluated from the O 1s narrow
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scan analyses of the samples. Fig. 8 shows the O 1s narrow
scan spectra and fitted peaks on them. In these plots, the
peaks around 530 eV, 531.5 eV, 532 eV, and 533.8 eV are
assigned to the O-metal, O-H and/or O-N, O-C, and C-O-C
and/or C-O-H and/or C=0 bonds. The spectra for all the
samples were considerably free of noise, which suggests that
the oxygen atoms were mainly exposed to the material's
surface; thus lower interference in the spectra was obtained.

In Fig. 9 the changes in different oxygen bonds due to
H,0, treatments are summarized. A sharp increase in O-H
and O-N bonds suggests due to H,0, treatments most of the
oxygen contents from H,0, remained on the surface of the
material in the forms of O-H and/or O-N oxygen functional
groups. The peaks corresponding to the pyridinic-N-oxides
(Fig. 6) did not appear similar to the peaks corresponding to
the O-H and O-N peaks in Fig. 8, which suggests that the
O-H bonds contributed most to these peaks in Fig. 8. The
decline in the O-C bond's relative ratio at higher H,O,
treatments supports the observation of C-O seen from C 1s
spectra analysis (Fig. 4). The relative ratios of possible bonds
O0-C-O0, -C-O-H, and C=O increased. The peaks
corresponding to the oxygen and carbon bonds (C-O and O-
C) were similar in Fig. 4 and 8, although not exactly mirror
reflections; most possibly because of the highly complex
elemental orientations around these bonds. These bonds
may have formed through the interactions between the
oxidative radicals from H,0, and N-G and ZIF-8 structures.
The O-metal bonds experience a very slight increase. In
Fig. 4, the C 1s spectra showed a slight decline in C-metal
bonds. These two observations together suggest that metal
atoms were delaminated from the N-G/MOF and formed
metal oxides.

2.3 Changes in the crystal structure

The as-synthesized and H,O,-treated N-G/MOF samples were
subjected to XRD analyses to observe the changes in crystal
structures of the material due to the effect of the H,O,-
derived oxidative species. Some form of crystalline structure
was expected on the N-G/MOF as the precursor materials ZIF-
8 have well-defined crystal structures; also, the GO should
exhibit characteristic peaks of graphene to some degree.
Fig. 10 shows the XRD patterns of the samples. For
comparison, the XRD patterns of each sample were
normalized by dividing by the highest intensity on each
pattern. The peaks on the as-synthesized N-G/MOF are
mainly the characteristic peaks of the precursor materials
ZIF-8, GO, and melamine. The peaks at 7.3°, 12.6°, and 17.8°
are the representatives of the ZIF-8 crystal units.>**> The
peak at 10.4° represents the GO, however, its small intensity
suggests a considerable reduction of oxygen functional
groups to exhibit a more graphitic nature as seen from the
peak at 28.4°°°%% The peaks at 13.5° and 15° are the
standard peaks from the melamine structure.’® Broad peaks
around 29° and 30° are attributed to both ZIF-8 and
melamine; the width of these peaks suggests a complex

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 6 XPS analyses of the N 1 s narrow scan spectra of N-G/MOF samples: (a) as-synthesized N-G/MOF; (b) 0.01 M; (c) 0.1 M; (d) 0.5 M; (e) 1 M;
and (f) 5 M H,O, treated N-G/MOF.

physicochemical integration of N-G and ZIF-8 while forming

the N-G/MOF.

This comparison of XRD patterns for different H,O,-
treated N-G/MOF samples suggests that the positions of
major peaks remained unchanged till 1 M H,O, treatment,

however, their

intensities reduced, which

indicates the

breakdown of corresponding crystal structures to some
degree. This reduction in the crystal features from ZIF-8 can
be correlated to the declining catalytic performances seen in
Fig. 2. Dramatic changes were observed in the 5 M H,O,
treated N-G/MOF sample where most of the major peaks of
ZIF-8 and melamine almost disappeared suggesting a drastic
material degradation for the N-G/MOF. Also, for this sample,

the peak corresponding to GO (10.4°) in the N-G/MOF shifted

to the right (11.1°) and increased,

suggesting that the

material was highly oxidized under this condition. The
intensity of the peak at 28.8° corresponding to the graphene
structure also reduced, suggesting graphene degradation to

some degree.

To better understand the degradation process of the N-G/
MOF through alteration of its crustal structure due to H,O,
treatments, the degree of crystallinities was also calculated
for each sample from their XRD patterns. While the peaks on
XRD patterns represent the existence of periodically repeating
well-defined atomic orientations (lattice structures) in the

material,

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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diffraction angle (26°) represents the presence of amorphous
structure (randomly oriented atoms). Therefore, it is possible
to quantify the overall degree of crystallinity from the XRD
patterns as the ratio of the area under the full XRD pattern to
the summation of areas under the crystal peaks; both areas
were determined by constructing a reasonable baseline, as in
the equation below:*°

Degree of Crystallinity
= (Total area under all the crystalline peaks of XRD
pattern/Total area under the full XRD pattern) x 100%

Fig. 11 shows the changes in the degree of crystallinity of the
N-G/MOF due to H,0, treatments with gradually increasing
concentrations. As the baselines were manually created for
the calculations, all the calculations were repeated three
times to set error bars for the data points. The trendline
suggests that the N-G/MOF catalyst lost its overall crystal
nature as concentrations of H,O, increased. From the XPS
analyses of the samples, we observed that the relative ratio of
C-C bonds gradually decreased as the H,0, concentration
increased. Both observations suggest the breakdown of
graphene and ZIF-8 structures by H,0,, mostly the ZIF-8
structure, which reduced the ion transfer ability of the
material and decreased the electrocatalytic performances.

2.4 Changes in morphology

The morphological changes brought by the chemical bond
and crystal structure changes in the N-G/MOF due to H,O0,-
derived oxidative species are observed by obtaining SEM
images of the samples, as presented in Fig. 12; the unit bars
are kept at 1 pm for all the images. Some morphological
features of the N-G/MOF catalyst as-synthesized by the wet
ball milling process can be noted as: the N-G nanoparticles
covered the crystal units of ZIF-8; the ball milling process
broke a portion of the ZIF-8 crystal units, and the fragments
were physicochemically integrated with N-G. The rhombic
dodecahedral-shaped (12 faces) crystal units of pure ZIF-8 are
generally in the range of 200-500 nanometers.>**>®" In the
N-G/MOF these crystal units are found more than ~1-
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micrometer size as seen in Fig. 12a. For the 0.01 M H,O,
treated N-G/MOF, the crystal sizes were reduced still some
shapes of ZIF-8 units were visible, Fig. 12b. The particle size
and crystal structures of the N-G/MOF were further reduced
by the treatments of higher concentrations of H,0, as seen
in Fig. 12c-f. From the SEM image of the 5 M H,O, treated
N-G/MOF sample it was noticed that the ZIF-8 crystal
structures were highly damaged, and the particles were much
more fragmented than the other samples. This observation is
aligned with the findings in RDE, XPS, and XRD analyses. To
gain a clearer perception of such H,0,-driven morphological
changes, five samples of pure ZIF-8 samples were treated
with the same (as used for N-G/MOF treatments)
concentrations of H,0, following the same procedure and
subsequently, their morphology was observed by SEM
imaging. The SEM images of the pure ZIF-8 sample and five
H,0,-treated ZIF-8 samples are presented in the insets of the
SEM images of each corresponding N-G/MOF sample in
Fig. 12a-f. The inset of Fig. 12a depicts the rhombic
dodecahedral crystal structure of pure ZIF-8. As the
concentration of H,0, used for the treatments increased, the
crystal structure of ZIF-8 gradually deformed, as observed in
the insets of Fig. 12b-f. It is noteworthy that the ZIF-8
structure was significantly affected by the treatments with 1
M and 5 M H,O, (insets Fig. 12e and f), with noticeable
distortion of the edges and fusion of crystal units.

3 Conclusions

The study evaluated the electrocatalytic performance loss and
its correlations with the material degradation process (through
chemical and structural changes) for a graphene-based and
metal-organic framework integrated nanocatalyst N-G/MOF, by
the effect of H,O, and H,O,-derived highly oxidative species.
The catalyst was chemically treated with H,O, of different
concentrations and subjected to RDE, XPS, XRD, and SEM
analyses and compared with the as-synthesized sample to
determine the changes in the electrocatalytic performances in
alkaline medium, elemental compositions, different chemical
bonds, crystal features, and morphology. The RDE results show
that in alkaline medium the catalyst could reasonably maintain
its performance up to 0.1 M H,0, treatment, while higher
concentrations of H,0, treatments reduced the catalytic
activities dramatically. The XPS survey analysis showed that the
oxygen contents on the material surface increased dramatically
as the H,0, concentration increased, and the carbon contents
dropped simultaneously. These observations suggest the
formation of a variety of oxygen functional groups on the
material surface. The changes in the relative ratios of different
chemical bonds were evaluated from XPS C 1s, N 1s, and O 1s
narrow scan analyses. Notably, the reduction of C-C bonds with
the increments of H,0, concentration indicates the
deformation of N-G and ZIF-8 structure by the attack of
oxidative radicals from H,O,. The relative ratio of most of the
nitrogen bonds dropped by H,O, treatments, especially the
pyridinic-N functional group. The rapid increase in O-H and/or
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Fig. 8 XPS analyses of the O 1s narrow scan spectra of N-G/MOF samples: (a) as-synthesized N-G/MOF; (b) 0.01 M; (c) 0.1 M; (d) 0.5 M; (e) 1 M;

and (f) 5 M H,O, treated N-G/MOF.

O-N bonds with increased concentration of H,O, again
suggested the formation of a cover of oxygen groups on the
material surface. The XRD patterns of the samples confirmed
the material degradation through crystal structure alteration
which adversely affected the electrocatalytic performance of the
material. The chemical and structural changes were also
manifested as morphological changes. The reported effects of
H,0, on this graphene-based and MOF-integrated catalyst in
this study should help the future efforts of electrocatalyst

development with both materials by

electrochemical systems.

suggesting
performance and degradation nature in different practical

4 Experimental section
4.1 Catalyst synthesis

The N-G/MOF catalyst was synthesized by a nanoscale high
energy wet (NHEW) ball milling process. First, taking
graphene oxide (OG) and melamine as graphene and
nitrogen sources, respectively, in a 1:6 mass ratio, nitrogen-
doped graphene (N-G) was synthesized through the NHEW
ball milling process. Successful doping of nitrogen (N) into
graphene by this wet ball milling process was confirmed by
our previous studies; the relationships between the grinding
time and grinding speed with the nitrogen doping ratio and
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synthesized and H,0, treated N-G/MOF samples.
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Fig. 11 Changes in the degree of crystallinity in the as-synthesized
and H,O, treated N-G/MOF samples.

relative ratios of different nitrogen functional groups were
determined and later utilized to achieve the best performing
N-G catalyst.”® The N-G catalyst generated electrocatalytic
current densities comparable to the standard 10 wt% (Pt/C)
catalyst. For the N-G/MOF synthesis, N-G was mixed with
zeolitic imidazolate framework-8 (ZIF-8) in a 1:1 mass ratio;
then the same NHEW ball milling process was applied. The
best performing N-G/MOF catalyst was obtained in 16 hours
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of grinding time at 350 rpm grinding speed. The N-G/MOF
catalyst generated higher current density than N-Gs which
was very close to the 10% Pt/C catalyst."'*>**® Extensive
characterization of the N-G/MOF catalyst was reported
previously. The N-G/MOF catalyst contained some impurities;
primarily zirconia forms the grinding medium and a trace
amount of Fe from the stainless-steel grinding jar. By a post-
synthesis centrifugation process, comparatively heavier
zirconia particles could be removed considerably. An acid
wash of the catalysts was attempted to remove the Fe
impurities; however, it had adverse effects on the catalytic
activity of the material. Hence, the acid wash step was later
dropped from the synthesis process.

4.2 Hydrogen peroxide treatment

The synthesized N-G/MOF catalyst was chemically treated
with different concentrations of H,0,. For evaluating the
electrocatalytic ~ performance changes and  material
degradation process of the catalyst, it is essential to keep the
ex situ H,O, treatment process similar to the operational
environments of practical electrochemical systems.
Sethuraman et al. conducted a study to determine H,O,
formation rates in a PEM fuel cell anode and cathode with a
Pt/Vulcan catalyst during electrochemical operation. They
suggested that the selectivity toward H,0O, for such catalysts
is related to factors such as water activity (humidity) and
temperature.®> Our previous studies with the graphene-based
N-G/MOF catalyst showed that the H,O, production from the
electrochemical oxygen reduction reaction in alkaline
electrolyte has a large dependency on the applied voltage on
electrodes.®® Such observations suggest that the operational
chemical environment and applied potentials dictate the
production rate of H,0, or H,0,-derived species and their
residence time, correspondingly, their effects on the catalysts.
Furthermore, it is important to realize that the
electrocatalytic activity of graphene-based materials has some
fundamental differences from the platinum-based ones due
to the difference between their local electronic structures at
the catalytically active sites. While platinum-based catalysts
have good selectivity toward both 4-electron transfer and
2-electron transfer oxygen reduction reactions, reportedly, the
graphene-based catalysts produce H,0, at a higher rate
through the 2-electron transfer reaction, especially at lower
applied potentials. Considering these facts, we used four
solutions of 0.01 M, 0.1 M, 0.5 M, and 1 M H,0, to treat N-G/
MOF samples, which are reasonable from the perspective of
practical  electrochemical systems. Also, a higher
concentration of 5 M H,0, solution was used to treat the
catalyst. The higher H,0, concentrations were chosen to gain
some insight into extreme cases,***® as well as to clearly
identify the trends in the electrochemical performance losses
and material degradation (in terms of changes in different
chemical bonds) caused by the effect of H,O,-derived species.

Conducting an in situ investigation on the effects of H,0,,
produced during the electrochemical operations, on
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Fig. 12 SEM images of the N-G/MOF samples: (a) as-synthesized N-G/MOF; (b-f) 0.01 M to 5 M H,0O, treated N-G/MOF, gradual material
structural fragmentation observed. Insets (a-f): corresponding SEM images of H,O,-treated ZIF-8 samples.

graphene-based nano-catalysts is highly complicated.*® For
such technical limitation, we chemically treated the N-G/MOF
catalyst with different concentrations of H,0, ex situ, as it
was confirmed that the same oxidative radicals can also be
generated by the chemical decomposition of H,0,.*?%3"¢7
Five samples of 80 mg of N-G/MOF catalyst powder were
mixed with five concentrations of H,0,: 0.01 M, 0.1 M, 0.5 M,
1 M, and 5 M H,0,. A commercially available 30% H,0,
solution was used to prepare the 1 ml H,0, solutions of the
above-mentioned concentrations. The N-G/MOF samples in
the H,0, solutions were subjected to vortex mixing for two
hours for the treatments. Application of external heat in this
H,0, treatment process was not required. Because of the
unstable nature of H,O, in the presence of catalyst material,
it decomposed exothermically; the elevated temperature
further intensified the decomposition process. Besides, in
the presence of a trace amount of Fe impurity in the catalyst,
highly oxidative radicals were expected to be produced in the

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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reaction environment.®” After the H,O, treatment, catalyst
samples were dried out and stored for analysis.

4.3 Electrochemical performance evaluation method

The as-synthesized N-G/MOF and H,0,-treated N-G/MOF
samples were tested for electrocatalytic activities in a three-
electrode RDE system (RRDE-3A). Catalyst samples were
loaded at 39.7 + 0.5 ug cm > on the glassy carbon disk of the
working electrode (GCt RRDE—WCO22, ALS Co. Ltd., Tokyo,
Japan) by the drop casting method. In the drop casting
process, the catalyst was dispersed in deionized (DI) water at
a concentration of 5 mg per 16 mL and subjected to
sonication for 30 minutes to achieve a uniform mixture.
Subsequently, a 25 pL portion of the catalyst-DI water
mixture was applied onto the mirror-polished surface of the
electrode disk and allowed to dry in a vacuum oven at 70-80
°C for 20-25 minutes, forming a thin layer (drying out the
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catalyst-ID water mixture on the electrode surface at elevated
temperature helps to reduce the coffee-ring type catalyst
deposition).®® Images of the uncoated and coated surfaces of
the working electrode are provided in the ESIf (Fig. S1). No
binder substance was used over the catalyst coating as we
intended to see the catalytic activity of the N-G/MOF samples
without any influence from the binder. A standard Ag/AgCl (3
M NaCl internal solution) reference electrode and a coiled
platinum wire (23 cm) counter electrode were used in this
system. The applied potentials with vs. Ag/AgCl reference
electrode were converted into applied potentials vs. the
reversible hydrogen electrode (RHE) reference electrode. The
linear sweep voltammetry (LSV) technique was employed to
the densities, generated by the
electrochemical oxygen reduction reaction on the catalyst
surface, in oxygen-saturated alkaline (0.1 M KOH) electrolyte.
The applied potential for the tests was kept between 1.1 and
0 V vs. the RHE reference electrode. With each N-G/MOF
sample, the LSV curves were obtained after 10-20 cyclic
voltammetry (CV) sweeps to ensure stabilized dynamic
electrochemical environments and fully activated catalytic
actives. As the measurements of cathodic current densities by
RDE systems may involve errors from a variety of sources, to
minimize the experimental errors, the RDE tests with each of
the N-G/MOF samples were entirely repeated multiple times
(minimum of three times), keeping other experimental
conditions unchanged. The cathodic current densities were
shown as negative - the negative signs of the current
densities only indicate the direction of current flow from
ORR reactants to the working electrode (opposite to the
electron flow).

measure current

4.4 Elemental composition and chemical bonds evaluation
method

To evaluate the change in the elemental ratios and relative
ratios of the carbon, nitrogen, and oxygen bonds in the N-G/
MOF due to H,O, treatments, the samples were analyzed
using an ultrahigh vacuum X-ray photoelectron spectroscopy
(UHV-XPS) system with base pressures below 5 x 107° Torr
equipped with a hemispherical electron energy analyzer
(SPECS, PHOIBOS 100) and twin anode X-ray source (SPECS,
XR50). Al Ko (1486.7 eV) radiation was used at 10 kV and 30
mA. The angle between the analyzer and X-ray source is 45°
and photoelectrons were collected from the sample surface
perpendicularly. The adventitious carbon located at 284.5 eV
was used to calibrate the XPS peak positions. XPS data were
analyzed using Casa XPS.

4.5 Crystal structure evaluation method

X-ray diffraction (XRD) spectroscopy analyses of the samples
were performed mainly to observe the changes in the crystal
features of the N-G/MOF catalysts due to the H,O, treatments. A
multipurpose X-ray diffractometer (XRD) system (EMPYREAN,
Philips) was utilized. A zero-background detraction holder of
pure silicon (9 N) was used to load the samples so that the
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diffraction peaks can be reasonably attributed to the N-G/MOF
and H,0, treated N-G/MOF samples and crystal changes in the
crystallinity could be estimated.

4.6 Morphology evaluation method

To observe the morphological changes of the catalyst due to
H,0, treatments, scanning electron microscopy (SEM) images
were taken for the as-synthesized and H,O,-treated N-G/MOF
samples. These morphological changes are the visual
manifestations of the chemical composition, bonds, and
crystal structure changes in the N-G/MOF due to the oxidative
attack of the H,0,-derived species indicated by XPS and XRD
analyses. A JEOL JSM-7600F SEM system was used to obtain
the submicron scale images of the samples.
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