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Covalent organic frameworks (COFs) have recently emerged as a new class of photocatalysts. However, integrated design is
crucial to maximizing the performance of COF-incorporating photocatalytic systems. Herein, we compare two strategies of
installing earth-abundant metal-based catalytic centers into the matrice of a 2D COF named NUS-55. Compared to NUS-55(Co)
prepared from the post-synthetic metalation of coordination sites within the COF, the molecular co-catalyst impregnated NUS-
55/[Co(bpy);]Cl, achieves a seven-fold improvement in visible light-driven H, evolution rate to 2,480 pumol gl h™', with an
apparent quantum efficiency (AQE) of 1.55% at 450 nm. Our results show that the rational design of molecular anchoring sites in
COFs for the introduction of catalytic metal sites can be a viable strategy for the development of highly efficient photocatalysts
with enhanced stability and photocatalytic activities.
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Because of their unique physicochemical properties, porous
organic materials [1-4] have attracted considerable interests
in various technological and energy-related applications such
as gas storage and separation [5,6], catalysis [7-9], en-
vironmental remediation [10,11], etc [12—17]. In the realm of
photocatalysis, covalent organic frameworks have been re-
cognized as excellent catalyst materials possessing highly
advantageous attributes [18,19], including (1) high structural
porosity for the transport of reaction components, (2) ex-
tended conjugation for improved charge carrier mobility and
longer excited life-times, (3) crystalline long-range order for
the facilitation of charge transport and charge separation, (4)
chemical stability due to covalent linkages, and (5) high
extent of tunability by modifying building blocks at the
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molecular level. Thus, these imply the potential of COFs to
become avant-garde in photocatalytic research.

Nowadays, the prospect of clean energy production by
generating hydrogen using sunlight is highly attractive
[20,21]. Besides maximizing the catalytic efficiency, the
ongoing development also seeks to minimize the usage of
platinum co-catalyst in favor of cheaper, earth-abundant al-
ternatives such as cobalt, nickel, copper, etc [22,23]. To date,
several COF-based systems have been developed for this
purpose. Systems involving Pt co-catalysts have attained
hydrogen evolution rates as high as 1,700 pmol g ' h™' [24],
whereas Lotsch and co-authors [25] have reported a noble
metal-free system that attains a hydrogen evolution rate of
782 umol g ' h™'. Several strategies exist for the inclusion of
metal coordinating sites which can serve as anchoring points
for co-catalysts in the hydrogen evolution reactions (HER).
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For example, imine-linked COFs with appropriate structure
may be used to anchor metal ions [26]; monomers such as
bipyridine may be used to synthesize COFs with homo-
geneous distribution of chelating sites [27,28]. Alternatively,
molecular catalysts may be included by leveraging weak
supramolecular interactions with the COF matrix [25].
However, to our knowledge, the discussion and comparison
of the relative hydrogen production efficiency of these
strategies have yet to be reported. Herein, we report the
design and synthesis of a novel COF named NUS-55, which
is enriched with potential coordination sites. NUS-55 is used
as a scaffold to afford two cobalt-comprising materials.
Specifically, the cobalt (II)-chelating COF [NUS-55(Co)]
was obtained by post-synthetic modification; whereas the
NUS-55/[Co(bpy);]Cl, was prepared by confining the mo-
lecular co-catalyst using weak interactions. We for the first
time performed the comparison of the relative hydrogen
production efficiency between these two strategies, demon-
strating that the rational design of molecular anchoring sites
in COFs can be a viable strategy for the development of
highly stable and efficient photocatalysts.

NUS-55 {CgH,N4O,}, was synthesized by condensation
of [2,2"-bipyridine]-5,5'-dicarbohydrazide (BPDC) with
1,3,5-triformylphloroglucinol (TFP) under solvothermal
conditions (Figure 1(a)). The powder X-ray diffraction
(PXRD) patterns of NUS-55 indicate an intense peak at
20=2.62° corresponding to the (100) reflection, with minor
peaks at 4.64° and 26.2° that can be attributed to (2-10) and
(001) reflections, respectively (Figure 1(b)). According to
the previous studies [27,28], a structural model of cis con-
formation of bipyridine moiety in NUS-55 was constructed
with an AA eclipsed layer stacking, affording a calculated
PXRD pattern which is consistent with the observed reflec-
tions; while the staggered AB mode produced a profile that
deviates from the experimental pattern (Figure S1, Sup-
porting Information online). Hence, we propose the hex-
agonal space group P_¢ for NUS-55. Pawley refinement of
the experimental NUS-55 pattern yielded unit cell para-
meters of a=b=38.6 A, c=3.4 A, a=p=90°, and y=120° (Ta-
ble S1, Supporting Information online). The n-n stacking
distance between adjacent COF layers was calculated to be
3.4 A from the d spacing between (001) planes. NUS-55
exhibits hexagonal 1D channels with a channel size of ca.
2.9 nm measured through crystal models.

The successful condensation reactions are supported by
Fourier transform infrared spectroscopy (FTIR, Figure S2),
showing the disappearance of the N—H stretching bands of
BPDC (3,100-3,300 cm_l) and the carbonyl stretching bands
of TFP (1,633 cmfl), together with the appearance of new
stretching bands at 1,625, 1,590, and 1,272 cm ' due to the
formation of new C=0, C=C, and C-N bonds. The solid-
state °C cross-polarization magic-angle spinning nuclear
magnetic resonance (CP/MAS NMR) spectroscopy reveals
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Figure 1 (a) Synthetic scheme of NUS-55; (b) powder X-ray diffraction
(PXRD) patterns of NUS-55, with the simulated crystal structure of NUS-
55 shown on the right; (c) left: TEM images of NUS-55 (inset: the cor-
responding selected-area electron diffraction (SAED) patterns). Right: HR-
TEM images of NUS-55 (color online).

the presence of keto-form carbonyl carbon at 207 ppm, fur-
ther confirming the proposed chemical structure of NUS-55
(Figure S3). Compared to BPDC and TFP, the solid-state
UV-Vis spectrum (Figure S4) of NUS-55 exhibits a new
broad band at 485 nm due to m-electron delocalization in
NUS-55 [29]. The activated NUS-55 possesses high thermal
stability of up to 300 °C based on the thermogravimetric
analysis (Figure S5). Scanning electron microscopy (SEM)
shows that NUS-55 crystallizes with a rod-like morphology
(Figure S6). The selected-area electron diffraction (SAED)
pattern of NUS-55 (inset of Figure 1(c) left) reveals the
highly ordered crystallographic plane, and crystal lattices can
still be identified in the HR-TEM images of NUS-55 (Figure
1(c) right), further indicating the presence of crystalline or-
der in small domains. The permanent porosity of NUS-55
was evaluated by N, sorption experiments at 77 K (Figure 2


https://doi.org/10.1007/s11426-019-9658-1
https://doi.org/10.1007/s11426-019-9658-1
https://doi.org/10.1007/s11426-019-9658-1

194 Wang et al.

(¢)). The calculated Brunauer-Emmett-Teller (BET) surface
area is 340 m’ gfl. The pore size distribution of NUS-55
indicates a maximum at 2.7 nm, agreeing well with the
crystal models (Figure S7).

Following the successful synthesis of NUS-55, the cobalt-
modified NUS-55 (NUS-55(Co)) was prepared, and the
PXRD pattern of NUS-55(Co) indicates its isoreticular nat-
ure with the pristine NUS-55 (Figure S8). The absence of
extra PXRD peaks confirms the absence of any undesired
moieties (viz., starting metal precursor, metallic cobalt, or
Co-oxide residues) in NUS-55(Co). The FTIR spectrum of
NUS-55(Co) shows retention of chemical functionalities
present in the pristine NUS-55, except for the red shifting
and broadening of the v_g peak, indicating the presence of
Co-0 coordination in the NUS-55(Co) framework (Figure 2
(b)) [30]. The solid-state UV-Vis spectrum of NUS-55(Co)
shows a new intense absorption band at 540 nm, corre-
sponding to the charge transfer transition (Figure S9).

The X-ray photoelectron spectroscopy (XPS) data of NUS-
55 indicate the presence of only nitrogen, oxygen, and car-
bon. Upon cobalt impregnation, two broad sets of signals
corresponding to 2p;, (780.5 eV) and 2p,;,, (795.8 eV) core
levels of cobalt were observed, evidencing the successful
metallation (Figure S10). The N 1s spectra indicate a shift in
binding energy corresponding to that of secondary nitrogen
(from 400.53 to 400.06 eV), whereas the peak position of
pyridinic nitrogen (399.15eV) remains unchanged, sug-
gesting the complexation of cobalt to the COF by the tri-
dentate chelating groups (ONO) instead of its bipyridinic
units (Figure 2(d)). The C CP/MAS NMR spectrum of
NUS-55(Co) shows a significant upfield shift (7 ppm) of the
carbonyl (—C=0) carbon compared to that of NUS-55 (207
ppm), further confirming the XPS results (Figure S3). The N,
isotherm evaluation of NUS-55(Co) indicates a 31% loss in
BET surface area. Thermogravimetric analysis of NUS-55(Co)
in air reveals a cobalt content of ca. 9 wt% in the framework,
matching well with the inductively coupled plasma (ICP)
analysis result (9.36 wt% cobalt content). No distinct
changes in morphology were observed in NUS-55(Co)
compared to that of the pristine NUS-55. Moreover, the TEM
images do not show the presence of any metal nanoparticles
or metal oxide particles in the COF matrix of NUS-55(Co).
Finally, the EDX elemental mapping reveals a uniform dis-
tribution of the Co and N contents in NUS-55(Co) (Figure 2
(e)). All the above results demonstrate the successful for-
mation of NUS-55(Co), where the complexation of cobalt to
the COF is realized through the tridentate chelating groups
(ONO).

The intensity of luminescence spectrum of NUS-55(Co) is
weaker than that of NUS-55, indicating that there is electron
transfer from NUS-55 to cobalt(Il) centers (Figure S11).
Photocatalytic experiments were performed to determine the
H, production performance of NUS-55(Co). A maximum H,
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Figure 2 (a) Schematic representation of the synthesis of NUS-55(Co)
via Co(II) impregnation. (b) Comparison of the FTIR spectra of NUS-55
and NUS-55(Co). (c) N, sorption isotherms of NUS-55 before and after Co-
treatments, and NUS-55 after adsorbing [Co(bpy);]Cl, (filled, adsorption;
open, desorption). (d) Deconvoluted XPS N 1s spectra of NUS-55 and
cobalt-impregnated NUS-55(Co). (¢) TEM and energy dispersive X-ray
(EDX) elemental mapping images of NUS-55(Co) (color online).
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production rate of 433 pmol g ' h ' (Figure 3(c)) was at-
tained after optimizing the quantity of triethylamine (TEA),
pH values, and Co(Il)-loading amounts of the reaction
mixture (Figures S12, S13 and Table S3), corresponding to
an apparent quantum efficiency (AQE) of 0.37% at 450 nm.
Control experiments confirmed zero H, production when any
individual component of the photocatalytic system was ab-
sent. Despite the promising performance, a repeat run using
the recovered NUS-55(Co) catalyst and fresh solution in-
dicated a 48% loss in hydrogen production rate. ICP-MS
analysis of the supernatant revealed 42.8% of cobalt in NUS-
55(Co) leaching into solution during the catalytic experi-
ment, suggesting that the reduction in active Co(II) centers in
NUS-55(Co) is the primary cause for the deterioration in
performance. Meanwhile, PXRD pattern of the recovered
NUS-55(Co) evidenced the retention of crystallinity, con-
firming the stability of the parental NUS-55 framework.
Our next effort is to increase the stability of the catalyst.
Because of the noncovalent linkage by relatively weak and
dynamic interactions, supramolecular materials have the
reversibility and can be easily recycled [31]. Thus, the su-
pramolecular weak interaction approach between NUS-55
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Figure 3 (a) Emission spectra of NUS-55 (2.65 uM) suspension in 1:1
EtOH/H,0 upon addition of [Co(bpy);]CL. (b) PXRD patterns of NUS-55
before and after 3 and 5 cycles of catalytic reactions. (c) Comparison of H,
generation between NUS-55(Co) and NUS-55 suspension containing
8.4 uM of [Co(bpy);]CL. (d) Time dependence of H, production of the
system with NUS-55(Co) upon adding a fresh solution of TEA (5%, v/v)
every 2.5h or NUS-55/[Co(bpy);]Cl, upon adding a fresh solution of
[Co(bpy);]ClL, (8.4 uM) and TEA (5%, v/v) every 4 h, respectively. (e)
FTIR spectra of [Co(bpy);]Cl, (top), NUS-55 obtained after the absorption
of [Co(bpy);]Cl, (middle), and pure NUS-55 (bottom). (f) Scheme of the
interaction between NUS-55 and [Co(bpy);]Cl, computed using density
functional theory (DFT) calculations (color online).

and cobalt(Il)-based proton reduction catalyst ([Co(bpy);]Cl,,
a commonly used proton reduction catalyst) [32] was
developed. The addition of 0.267 mM of [Co(bpy);]Cl, to
0.1 mM of NUS-55 suspension quenched 27% of the emis-
sion intensity of NUS-55 with the Stern-Volmer constant
KSV:S.%:O.HXIO3 M (Figures 3(a) and S14). In addition,
transient emission spectra of NUS-55 suspension showed
that their fluorescence lifetime decreased from 1.08 to
0.64 ns in the presence of [Co(bpy);]Cl, (Figure S15). This
quenching behaviour can be assigned to the photoinduced
electron transfer process from the excited state of NUS-55 to
[Co(bpy);]Cl,. Solid-state electrochemical measurement re-
sults suggest a reversible redox wave at E,,=0.28 V, as-
signable to the redox potential of the NUS-55'/NUS-55
couple (Figure S17). The redox potential of the excited state
NUS-55"/NUS-55" couple was calculated as —2.02 V on the
basis of a free energy change (Eo =23 eV) between the
ground state and the vibrationally related excited state
(Figure S16). This potential was more negative than that of
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[Co(bpy);]Cl, (EO—-O.74 V), suggesting that reduction of the
Co(Il)-center by the photo-excited NUS-55 is thermo-
dynamically feasible. In addition, from the optical bandgap
(E;~1.39¢eV) determined from the UV-Vis diffuse re-
flectance (DR) spectrum (Figure S18), the valence band
(VB) and conduction band (CB) edges of NUS-55 can be
estimated to be E-z=—4.98 eV and Ey5=6.37 eV, following
the equations Ecg=—(E,+4.7)eV and Eyg=Ecp—E, [33].
Based on a comparison of these values with the reduction
onset potential of the [Co(bpy);]Cl, molecular catalyst sys-
tem (EO =-0.74 V), it is likely that NUS-55 can transfer
electrons to the [Co(bpy);]Cl, co-catalyst system; therefore,
it is possible for the proton reduction in the NUS-55/[Co-
(bpy);]Cl, system to realize photocatalytic H, generation.

The photocatalyzed HER using 2 mg of NUS-55 and dif-
ferent amounts of [Co(bpy);]Cl, suspension under the same
condition (pH=10) was carried out (Figure S19). [Co(bpy);]-
Cl, with a concentration of 8.4 uM resulted in a H, pro-
duction rate of 2,480 pmol g ' h™" in the first 2 h, which is
comparative with the previously reported azine-based COFs
(1,703 pumol g 'h™") [24] and hydrazone-based COFs
(1,970 pmol g ' h™") [34]. The peak hydrogen production is
7,256 pmol g_l following 4 h of irradiation, corresponding to
a TON of 17.4 based on [Co(bpy);]Cl, (Figure 3(c, d)), and is
approximately 7-times higher than that of NUS-55(Co). To
quantify the spectral distribution of the photocatalytic ac-
tivity of NUS-55/[Co(bpy);]Cl, system, the AQE was cal-
culated using four different band-pass filters with central
wavelengths at 450, 500, 550, and 600 nm, respectively.
These measurements clearly indicate that NUS-55 shows an
AQE profile that closely tracks the UV-Vis absorption
spectrum, and the best AQE is 1.55% with a 450 nm band-
pass filter (Figure S20). This value is comparable to that of
the previously reported COF-based catalysts in photo-
catalytic H, production (Table S4). Furthermore, control
experiments with the absence of any of these individual
components including NUS-55, [Co(bpy);]Cl,, and TEA all
led to failure in producing hydrogen under the same ex-
perimental conditions, thus demonstrating that all three
species are essential for hydrogen generation. Recycling
experiments on [Co(bpy);]Cl,/NUS-55 were also performed.
In total, 34,180 umol gfl of H, was obtained after 5 cycles of
catalysis (20 h). The unchanged PXRD pattern of NUS-55
after the catalytic experiments confirms its high stability
(Figure 3(b)), which is further confirmed by the TEM image
(Figure S21). Notably, NUS-55 still remains porous after the
catalytic experiments (Figure S22).

The high efficiency and stability of NUS-55/[Co(bpy);]Cl,
system inspired us to further investigate the potential factors
influencing the photoinduced hydrogen evolution process.
Characteristic peaks of free [Co(bpy);]Cl, in the FTIR
spectra at 3,104, 1,596, and 1,443 cm_l, corresponding re-
spectively to C-H, C=C, and C=N stretching vibrations,
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experienced red-shifts to 3,060, 1,557, and 1,392 cmfl, re-
spectively, upon inclusion within the NUS-55 framework
(Figure 3(e)). In addition, thermogravimetric analysis of
NUS-55 after adsorbing [Co(bpy);]Cl, was also carried out,
revealing more metal oxides left compared to that of the
original NUS-55 (Figure S23). All the related data suggest
the existence of weak interactions and adsorption between
the molecular co-catalyst and the COF. Meanwhile, the re-
duction of BET surface area of the COF to 52m’ g ' after
treatment with [Co(bpy);]Cl, implies that most of the porous
channels of NUS-55 are occupied by [Co(bpy);]Cl, upon
complexing. Density functional theory (DFT) calculations
were performed to elucidate the interactions between NUS-
55 and [Co(bpy);]Cl,. As shown in Figure 3(f), C-H---N
interactions are possible between [Co(bpy);]Cl, and the
BPDC units in the COF, corresponding to the shortest dis-
tances of 2.459 and 2.509 A, respectively. The calculations
support the existence of weak supramolecular interactions
between NUS-55 and [Co(bpy);]Cl,, which may play an
important role in encouraging the efficient photoinduced
electron transfer process, further improving the efficiency of
H, evolution. Thus, NUS-55/[Co(bpy);]Cl, system shows
significantly improved performance compared to that of
NUS-55(Co) system, with the possible reason that the im-
mobilized Co-centers in NUS-55(Co) can potentially engage
in photocatalysis with direct electron transfer (ET) from
NUS-55, whereas the energy transfer (ET) from NUS-55 to
[Co(bpy);]Cl, molecules would likely be slower through this
supramolecular interactions. This means that recombination
could be a limiting factor in the NUS-55(Co) system, which
reduces the H, evolution rate. To confirm this result, pho-
tocurrent measurements were carried out to unveil the elec-
tron-hole (e-h) separation efficiency [35,36]. As expected,
NUS-55/[Co(bpy);]Cl, produces a higher photocurrent re-
sponse than that of NUS-55(Co), reflecting that photo-in-
duced electron-hole (e-h) pairs can be separated more
efficiently in NUS-55/[Co(bpy);]Cl, (Figure S24).

In conclusion, a highly porous COF named NUS-55 en-
riched with coordination sites has been successfully syn-
thesized. The post-synthetic modification of NUS-55 with
Co(II) affords NUS-55(Co) as a photocatalyst that can cat-
alyze visible light-driven H, evolution reaction with a H,
evolution rate of 433 pmol g ' h™'. In order to further in-
crease the stability and H, evolution efficiency of this sys-
tem, a Co(I)-cooperation supramolecular NUS-55/[Co-
(bpy);]Cl, system was developed, exhibiting a H, evolution
rate approximately 7-times higher than that of the NUS-55
(Co) system. Importantly, the Co(II)-coorperating supramo-
lecular system also exhibits a high stability, further indicat-
ing the broad prospects of this catalytic system for practical
catalytic applications.
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