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Cobalt Single-Atom Catalysts with High Stability for Selective

Dehydrogenation of Formic Acid
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Henrik Junge, Angelika Briickner, and Matthias Beller*

Abstract: Metal-organic framework (MOF)-derived Co-N-C
catalysts with isolated single cobalt atoms have been synthe-
sized and compared with cobalt nanoparticles for formic acid
dehydrogenation. The atomically dispersed Co-N-C catalyst
achieves superior activity, better acid resistance, and improved
long-term stability compared with nanoparticles synthesized by
a similar route. High-angle annular dark-field—scanning trans-
mission electron microscopy, X-ray photoelectron spectro-
scopy, electron paramagnetic resonance, and X-ray absorption
fine structure characterizations reveal the formation of Co"N,
centers as active sites. The optimal low-cost catalyst is
a promising candidate for liquid H, generation.

Supported metal single-atom catalysts (SACs) have stimu-
lated strong interest because they offer improved atom
utilization efficiency and potentially higher catalytic turnover
frequencies (TOFs) compared to established heterogeneous
materials.l'! Because of their unique properties, recently SACs
have been studied for pollutant removal (CO oxidation), the
water—gas shift (WGS) reaction, value-added production of
chemicals (for example, selective hydrogenation), transfor-
mation of biomass platform molecules (oxygenation of
alcohols), methanol steam reforming, photo- and even
electro-catalytic reactions (the oxygen reduction reaction
(ORR), oxygen evolution reaction (OER), and carbon
dioxide reduction reaction (CO,RR)), and so on.”
Although the characteristics of quantum size effects,
tunable electronic structure, and strong metal-support inter-
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action make SACs advantageous compared to small metal
clusters and nanoparticles (NPs), they often exhibit similar or
lower activity than NPs®l As an example, the activity of
Pd/Fe;0, in styrene hydrogenation exhibits an initially sharp
rise with increasing metal size, but then gradually reduces.! A
similar reactivity trend has been observed for specific Co NPs,
which demonstrated excellent activity and selectivity for the
hydrogenation of nitroarenes towards anilines, while related
catalyst with atomically dispersed CoN, species led to azo
products.t!

Notably, the high surface free energy of metals on the
SACs surface favors aggregation to larger NPs—especially
with harsh reaction conditions.””! To understand such behav-
ior, and with the objective to rationally design optimal
heterogeneous catalysts, comparison of the catalytic perfor-
mance of SACs and NPs for the same reaction under similar
conditions is required.®”!

Based on our continuing interest in the development of
base metal catalysts, herein we report a detailed comparison
of the activity and stability of Co-based SACs with related
NPs for hydrogen generation from formic acid (FA;
Scheme 1).

In general, liquid organic hydrogen carriers® are consid-
ered as promising candidates for reversible hydrogen storage
and release. Among them FA,”) with a hydrogen capacity of
53 gL' or 4.4 wt%, has attracted considerable attention.!"”!
In spite of the extremely high TOF and selectivity gained with
some existing catalysts, several challenges still exist.''l For
example, most of the known catalysts for FA dehydrogenation
are based on noble-metal-based metallic or bimetallic NPs.!"”
Based on environmental and economic considerations, the
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Scheme 1. Concept of CO,/HCO,H cycle with consequent generation
of H, for use in a proton-exchange membrane (PEM) (top) and
potential advantages of Co-N-C (SACs) application (bottom).
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Figure 1. A) The synthesis route of SACs and NPs. B,C) HRTEM images of SACs. D) The EDS
mapping of SACs shows the homogeneous distribution of Co and N on Carbon. E,F) Magnified AC-
HAADF-STEM images of SACs reveals the atomic dispersed Co sites. G) HRTEM images of NPs.

use of non-noble metal catalysts is appealing despite their
lower activity.™® To date, both SACs and NPs have proven to
be effective catalysts for FA dehydrogenation but there is
a lack of direct comparison under the same or similar
experimental conditions. For instance, in 2017 a CoN, catalyst
demonstrated good activity for FA dehydrogenation, but both
single-atom and sub-nano sites were found on the catalyst, so
the real active species was unclear.!'!

Initially, we compared the performance of potential Co
catalysts with atomically dispersed metal atoms and related
NPs. The supported materials were prepared by pyrolysis of
zeolitic imidazolate frameworks (ZIFs).'"! As shown in
Figure 1A, Co-ZIF and ZnCo-ZIF were formed by sodalite
coordination of Co*" and Co*'/Zn*" nodes with 2-methylimi-
dazole using methanol as a solvent at room temperature. With
the introduction of Zn>*, Co’* ions in the ZIF could be
spatially isolated and bonded by linkers. During the pyrolysis
processes under inert conditions (Ar), the metal ions were
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reduced by carbonized organic link-
ers. Because of Zn evaporation,
metal ions were dispersed at the
atomic level on N-doped porous
carbon.®® Without the help of
Zn**, larger Co NPs on N-doped
carbon were formed.

Transmission electron micro-
scopy (TEM) measurements of the
material pyrolyzed at 1000°C
reveal that Co-N-C(SACs) retain
the initial dodecahedral shape of
ZIF (ca. 300 nm; Figures 1B,C).
The elemental mapping images of
SACs by energy-dispersive X-ray
spectroscopy (EDS) indicate that
the distributions of Co, N, and C are
homogenously dispersed over the
entire architectures (Figure 1D).
Atomically dispersed Co centers
on carbon were observed by sub-
angstrom resolution aberration-cor-
rected high-angle annular dark-
field scanning transmission electron
microscopy (AC-HAADF-STEM)
analysis (Figure 1E). These active
sites were clearly identified by sev-
eral separated bright dots under
a high magnification mode (Fig-
ure 1F). This result matches well
with powder X-ray diffraction
(XRD) curves (Supporting Infor-
mation, Figure S5), which present
only a broad shoulder peak
assigned to the (002) plane of the
graphitic carbon.¥ In the case of
Co-N-C(NPs) pyrolyzed at 800°C,
an ellipsoid morphology and NPs
with a diameter of approximately
10 nm on the carbon support were
found (Figure 1G). According to
the XRD results, several peaks that are characteristic of
metallic Co (01-077-7451) were observed. This indicates the
formation of face-centered cubic Co crystals (Figure S5).

To further investigate the geometry and electronic
structure of Co-N-C materials, electron paramagnetic reso-
nance (EPR) measurements were performed (Figure2A).
Co-N-C(NPs) presented a broad peak with a g value of 2.87
arising from the strong ferromagnetic properties of Co NPs.
Notably, Co-N-C(SACs) present no EPR signal associated
with ferromagnetic Co clusters and no signal associated with
single Co*" sites, even at 100 K, because of their short
relaxation time. Only a carbon radical signal at g =2.005 from
the support was observed. However, when Ph;P was added as
a ligand to SACs to probe the presence of isolated Co®" sites,
a new signal at g=2.279 assigned to Co** single sites!!”!
coordinated to Ph;P ligand appeared. To obtain further
surface information about the catalysts, Co 2p (Figure 2B)
and N1s (Figure 2C) X-ray photoelectron spectroscopy
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N serves as the major anchor points
for atomically dispersed Co sites in
the case of SACs. Co valence states
of SACs were also identified in the
X-ray absorption near-edge struc-
ture (XANES) spectra (Fig-
ure 2D). The absorption edge
energy at 77283eV in the
XANES spectrum of SACs is sim-
ilar to that of the Co phthalocya-
nine (CoPc) reference, suggesting
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that Co®" is the dominating Co
species. Finally, extended X-ray
absorption fine structure (EXAFS)
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analysis was performed to further
verify the coordination environ-
ment of Co sites on SACs (Figur-
es 2E,F). As shown in Figure 2E (R
space), atomically dispersed Co on
Co-N-C(SACs) exhibits a promi-
nent peak at approximately 1.38 A
arising from Co—N coordination,
/ the Co—Co peak (ca. 2.17 A) evi-
dent in Co foil at higher R is absent.
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Figure 2. A) EPR spectra. B,C) XPS Co 2p (B), and N s (C) spectra. D) XANES, and E,F) EXAFS

spectra of Co-N-C(SACs).

(XPS) investigations were performed. According to the
deconvoluted Co 2p,,, curves, three sub-peaks were assigned
to surface Co**, Co**, and Co at around 782, 780.7, and
779.8 eV, respectively.' Only Co?* species were found on the
SACs surface, while some Co®" and Co were observed on the
NP catalyst. Apparently, the formation of Co>™—N species is
favorable for the SACs, which coincides well with prior
literature 151!

The N 1s spectrum revealed that three types of N species
coexist: graphitic N (403 eV), pyrrolic N (401.2 eV), and
pyridinic N (399 eV).l%*2 Compared with NPs, a binding
energy shift of pyridinic N (purple dashed line) could be
found for SACs and no changes on the position of graphitic N
and pyrrolic N. Combined with the normalized surface Co and
N concentration based on the integration of these subpeaks
(Supporting Information, Table S5), we believe that pyridinic
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Wavelet transform (WT) was
adopted to further investigate Co
K-edge EXAFS oscillations (Fig-
ure 2F). Only one area with an
intensity maximum at 3.8 A~
attributed to Co—N coordination
was observed, confirming that Co
single sites were the main species
on the Co-N-C(SACs).
Subsequently, the two charac-
terized samples of Co-N-C(SACs)
and Co-N-C(NPs) were tested for
the benchmark dehydrogenation
reaction of FA under different con-
ditions (Table 1). When H,O was
used as solvent, NPs presented
a better gas evolution rate than
SACs within the first 10 minutes,
but the activity decreased with time
(Figure S2). This increased gas formation is likely a result of
the increased Co content of the NPs. Notably, the gas
production in Table 1 is not normalized on metal content.
Meanwhile, a solution color change was observed for NPs but
not for SACs (Figures S8 and S9). This is explained by the
stronger Co—N interaction in the SAC material. Moreover,
when applying Co-N-C(NPs) the pH and presence of
additives did not change the gas formation rate and stability
significantly. In contrast, when the solvents 2-methyltetrahy-
drofuran (MeTHF) and propylene carbonate (PC) were used
no significant color change was observed in the dehydrogen-
ation reaction (Figure S10). In both cases, the gas production
rates of SACs were significantly better, while the hydrogen
selectivities were different. On the other hand, PC offered
good hydrogen selectivity. Compared with NPs, SACs were
around 150% more productive in PC at 98°C (Table 1).

Intensity (a.u.)
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Table 1: Comparing Co-NPs and Co-SACs for FA dehydrogenation.!
catalyst

HCOOH - H, + CO,
solvent, temp., time
Entry Catalyst Solvent Toet Gas production rate!
[mL] [°q [mLg 'h]
1 Co-N-C(SACs) H,0 100 (88) 167.9
2 Co-N-C(NPs) H,O 100 (88) 195.8
3 Co-N-C(SACs) MeTHF 85 (75) 181.7
4 Co-N-C(NPs) MeTHF 85 (75) 79.2
5 Co-N-C(SACs) PC 110 (98) 319.2
6 Co-N-C(NPs) PC 110 (98) 229.2
7 Co-N-C(SACs) PC 85 (75) 68.8
8 Co-N-C(NPs) PC 85 (75) 0
919 Co(1)/phen(7)/C PC 85 (75) 0
10 - PC 110 (98) 0
11 Zn-ZIF-8 PC 110 (98) 1.6
12 Co-ZIF-67 PC 110 (98) 16.7
13 ZnCo-ZIF PC 110 (98) 20.8
14 Co(NO3),-6H,0 PC 110 (98) 29

[a] Reaction conditions: FA (10 mmol), catalyst (30 mg) or Co-
(NO;),-4 H,0 (5 mg) in specified solvents and reaction time of 4 h. The
set temperature was around 10-12°C higher than the actual reaction
temperature shown in parentheses. [b] Total gas production of H, and
CO, measured by manual burette; the rate is based on gram of catalyst
per hour. [c] A nano-Co catalyst prepared using phenanthroline was
chosen. Key: propylene carbonate (PC), 2-methyltetrahydrofuran
(MeTHF). Experiments were performed at least twice (except entries
11-14) with reproducibility differences of 1.3 to 10.8 %.

Moreover, SACs also demonstrated activity at the lower
temperature of 75°C. Neither NPs nor the previously
described Co(1)/phen(7)/C are able to operate at these
conditions. Applying PC not only resulted in the best catalytic
performance but also improved stability of active sites for
both kinds of Co-N-C materials.

Based on the results of atomic absorption spectroscopy
(AAS) measurements (Table S6), used SACs present reduced
Co (10.8 wt %) and N loss (0.6 wt % ) compared to that of NPs
(Co:38.1 wt% and N: 41.5 wt %). This implies that Co"™N, on
SAC:s also have a stronger acid resistance than metallic Co on
NPs. Considering that the pyrolysis temperature might have
a significant effect on the coordination number of single Co
sites, a series of catalysts with different pyrolysis temperatures
was prepared and investigated for FA dehydrogenation
(Supporting Information). The normalized gas rates (based
on gram of Co per hour) of Co-N-C materials with different
pyrolysis temperatures are provided in Figure 3. It was found
that the rise of pyrolysis temperature had a negative impact
on the reactivity of Co-N-C(NPs). During the pyrolysis
process, metal-imidazolate-metal linkages would be cleaved
to release CN fragments and trigger agglomeration of Co NPs
upon weakening of metal-N bonds. Conversely, Co-N-C-
(SACs)-1000 possessed the best gas rate of 23.6 Lge, 'h™!
among the three Co-N-C(SACs) catalysts. To the best of our
knowledge, this is also the best performance for an earth-
abundant-based heterogeneous catalyst for dehydrogenation
of FA.!¥l This activity is also comparable to most heteroge-
neous noble-metal-based catalysts (Table S1).

The optimal activity of the Co-N-C(SACs)-1000 is
explained by the prevalence of Co"N, sites in this material.
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Figure 3. Catalysts with different pyrolysis temperature and their nor-
malized catalytic gas production rates per Co in FA dehydrogenation.
Reaction conditions: FA (10 mmol, 377 pL), catalyst (30 mg), PC

(6 ML), Teee=110°C, T, =98°C, 4 h. Pyrolysis temperatures of
catalysts shown behind. Experiments were performed at least twice.

On the one hand, although Zn cannot be completely removed
during the pyrolysis step, a significant Zn effect on activity can
be neglected according to the low activity of Zn-ZIF-8
(Table 1, entry 11) and no indication of Co—Zn interaction
was indicated by the EXAFS results (Figures 2E, F). Accord-
ing to Wu etal., atomically dispersed Co catalysts with
Co—N,, Co—Nj3, and Co—N, sites can be obtained at different
pyrolysis temperatures.'*¥ Thus, changing Co—N coordina-
tion from Co—N, and Co—N; to Co—N, might enhance the
surface energy, thereby improving the reactivity of atomically
dispersed Co sites. Therefore, Co"N, sites on Co-N-C(SACs)
are considered the best catalytic centers for FA dehydrogen-
ation.

EPR measurements were carried out to explore the
stability of active sites on the optimal catalyst Co-N-C(SACs)-
1000. The EPR spectrum of the used Co-N-C(SACs)-1000
catalyst is similar to that in Figure 2 A, which showed no
signal corresponding to ferromagnetic Co NPs, suggesting
that the active sites are stable against aggregation during the
reaction course. Addition of Ph;P to the used catalyst to probe
the presence of isolated Co*' sites presented a spectrum
similar to that in Figure 2 A, thereby supporting our hypoth-
esis. A further proof for the increased stability of SACs
compared to NPs is shown in Figure S3. Here, a linear
increase of gas production was observed for Co-N-C(SACs),
whereas saturation curves were observed for Co-N-C(NPs).
These results highlight the better stability of CoN, moieties
on SACs compared to metallic Co on NPs. Finally, long-term
experiments with a large substrate-to-catalyst ratio were
carried out to further demonstrate the stability of these novel
SACs. Even after 120 hours of reaction, the Co-N-C(SACs)
showed only a slight deactivation and more than double gas
production volume compared to Co-N-C(NPs) (Figure S11).
EPR measurements showed that CoN, sites on Co-N-C-
(SACs) remained after this time since no ferromagnetic signal
was observed (Figure S12). The AAS results demonstrated
a decreased Co and N loss of SACs compared to NPs
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(Table S6). Nevertheless, a large excess of HCOOH at high
temperature inevitably causes loss of atomically dispersed
CoN, moieties, although they have a better stability than that
of metallic NPs.

In summary, a detailed comparison of supported Co
single-atom and NP catalysts has been performed. Several
SACs and NPs were prepared and characterized by HAADF-
STEM, EPR, XAFS, and XPS. Their catalytic performance
was compared for FA dehydrogenation whereby atomically
dispersed Co catalysts exhibited better efficiency, selectivity,
and stability than NP catalysts. Further investigations dem-
onstrated that the highly dispersed single Co"N, sites with
high reactivity and acidic resistance enabled improved
catalytic activities and stabilities. We believe the presented
findings will be of use for the development of other improved
non-noble metal-based catalysts, too.
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