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ABSTRACT: The future of water-derived hydrogen as the “sustainable energy source”
straightaway bets on the success of the sluggish oxygen-generating half-reaction. The endeavor
to emulate the natural photosystem II for efficient water oxidation has been extended across
the spectrum of organic and inorganic combinations. However, the achievement has so far
been restricted to homogeneous catalysts rather than their pristine heterogeneous forms. The
poor structural understanding and control over the mechanistic pathway often impede the
overall development. Herein, we have synthesized a highly crystalline covalent organic
framework (COF) for chemical and photochemical water oxidation. The interpenetrated
structure assures the catalyst stability, as the catalyst’s performance remains unaltered after
several cycles. This COF exhibits the highest ever accomplished catalytic activity for such an
organometallic crystalline solid-state material where the rate of oxygen evolution is as high as
∼26,000 μmol L−1 s−1 (second-order rate constant k ≈ 1650 μmol L s−1 g−2). The catalyst also proves its exceptional activity (k ≈
1600 μmol L s−1 g−2) during light-driven water oxidation under very dilute conditions. The cooperative interaction between metal
centers in the crystalline network offers 20−30-fold superior activity during chemical as well as photocatalytic water oxidation as
compared to its amorphous polymeric counterpart.

■ INTRODUCTION
The pursuit of sustainable energy sources that eliminate
concerns over depleting fossil fuel resources and their
environmental impact is imminent.1 Harnessing solar energy
via water splitting, inspired by the oxygen-evolving complex in
natural photosystem II (OEC-PSII), could facilitate the
alleviation of this crisis.2 However, the prime impediment of
this sustainable cycle remains the anodic half-reaction,
consisting of the four-electron oxidation process of water
into molecular oxygen (2H2O → O2 + 4e− + 4H+).3 The quest
for long-term solutions has led to the advancement of
transition metal-based homogeneous water oxidation catalysts
(WOCs).4,5 In this regard, molecular Ru catalysts have
emerged as forerunners by successfully achieving low over-
potentials and high turnover frequency, comparable to the
natural Mn4CaO5 cluster.6,7

Although homogeneous catalysts typically offer superior
performance, practical considerations urge for the implemen-
tation of heterogeneous catalysts to facilitate processable and
durable devices. Hence, there is a dire necessity for the
transformation of highly active molecular catalysts into
heterogeneous systems without significant loss of performance.
In this regard, anchoring individual catalysts at solid substrates
via covalent or noncovalent interactions seems straightfor-
ward.8−11 However, such integrated catalytic systems usually
comprise of low active surface areas, poor accessibility of the
catalytic centers, or gradual detachment from the interface. In
many cases, the immobilization of the molecular catalyst
impedes detailed mechanistic understanding or induces

different reaction pathways. For instance, the mechanism for
the O−O bond formation might switch from the interaction of
two metal−oxyl radicals (I2M) to water nucleophilic attack
(WNA) after catalyst immobilization.12,13 Thus, for any further
improvement of the catalytic performance in heterogeneous
water splitting, a better understanding is necessary for the
crucial mechanistic details and the factors that govern these
pathways.14 In this regard, the modular construction of well-
ordered molecular frameworks from small-molecule toolkits
may combine (i) the structural precision of molecular
homogeneous catalysts with key advantages for heterogeneous
catalysis such as (ii) the recyclability and durability of
polymeric frameworks, (iii) densely packed structures that
are less prone to air oxidation, and (iv) the emergence of
cooperative interactions between multiple active centers on the
interfaces.

In this regard, two-dimensional (2D) covalent organic
framework (COF) materials have recently made their mark on
the photocatalytic hydrogen evolution reaction (HER).15−20

So far, however, limited progress has been made regarding the
photocatalytic oxygen evolution reaction (OER) owing to its
complicated multicomponent nature and energetically uphill
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anodic half-reaction.21−26 The common use of rather ill-
defined Pt-based (for HER) and Ru-based (for OER)
cocatalysts during water splitting deters the complete
perception of the active catalytic sites and intricacies of the
reaction cycles.27,28 In addition, the usage of organic solvents
adds further concerns on the sustainability of these
heterogeneous catalysts.

But significant improvement might be achieved with pristine
COFs,29,30 considering that the precise positioning of active
WOCs could offer abundant accessible sites within the COF
backbone.31,32 The interpenetrated (three-dimensional) 3D
network might also boost the much-needed catalytic stability
and recyclability of heterogeneous systems in combination
with the desired advantages of a molecular catalyst.

Here, we report on the modular implementation of
Ru(bda)-based (bda = 2,2′-bipyridine-6,6′-dicarboxylate)

dialdehyde 1 as an integral component into both crystalline
and amorphous 3D imine polymers. The reversible imine
bonding endeavors the building blocks’ connectivity and
renders a framework through covalent bonding. Whereas the
amorphous Ru(bda)-polymer showed modest catalytic activity
in both chemical and photochemical water oxidation,
crystalline Ru(bda)-COF revealed an up to 30 times superior
performance compared to the similarly cross-linked amorphous
polymer. The COF showcases very good catalytic activity
where the rate of oxygen evolution is as high as ∼26,000 μmol
L−1 s−1. Several consecutive catalytic cycles in both acidic and
neutral media indicate the durability and recyclability of
Ru(bda)-COF. Extensive mechanistic studies including H/D
kinetic isotope effect (KIE) studies and comparison to
molecular model systems provided key insights into the O−
O bond formation pathway (I2M versus WNA) for such

Figure 1. Synthesis and characterization of Ru(bda)-COF. (a) Synthesis of microcrystalline Ru(bda)-COF from dialdehyde 1 and tetraamine 2.
(b) Densely packed interpenetrated network of COF. (c) Cartoon representation of dia-c5 net adopted by COF with 5-fold interpenetration. The
net has been created by connecting the centers of the tetrahedral unit. (d) Long-range ordering of the Ru centers (green) on the interface of the
interpenetrated dia-c5 net. Ru sites are arranged sequentially in a long-range order. (e) Pawley refinement of the dia-c5 COF. (f) CP-MAS 13C
NMR spectra of Ru(bda)-COF (green), tetraamine 2 (red), and dialdehyde 1 (blue). (g) Scanning electron microscopy (SEM) image of Ru(bda)-
COF.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c07282
J. Am. Chem. Soc. 2022, 144, 17661−17670

17662

https://pubs.acs.org/doi/10.1021/jacs.2c07282?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c07282?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c07282?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c07282?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c07282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


heterogeneous catalysts. Apparently, the nanoscale recurring
arrangement of the active centers within Ru(bda)-COF allows
for a concurrent O−O bond formation in a cooperative
fashion.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The high activity of the

Ru(bda) unit6,7 as WOC has prompted us to implement such
molecular catalysts as integral components into highly ordered
framework materials. As a versatile building block for imine
COFs, we synthesized linear linker Ru(bda) dialdehyde 1 (see
the Supporting Information for details) by adopting a well-
established synthetic protocol. The equatorial bda ligand
possesses a wide O−Ru−O angle of 123.7°, unlike the 90°
angle of an ideal octahedral geometry (Figure S6). The large
bite angle allows coordination expansion via binding of H2O
that could further facilitate the Ru center to reach a high-valent
oxo state, which is a key step toward water oxidation.6,7 The
two carboxylate groups also stabilize high-oxidation states at
the metal. Thus, for the successful integration of the Ru(bda)
system in a 3D ordered framework, we have investigated the
imine condensation between dialdehyde 1 and tetra-(4-
anilyl)methane 2 (1:2 molar ratio) in various solvents (Table
S1). For most polar solvents such as DMSO, THF, MeOH, or
DMF, no precipitate but formation of soluble oligomers and
small molecular fragments was observed. Only after reaction in
highly polar N,N-dimethylacetamide (DMAc) at 120 °C for 24
h, amorphous imine framework Ru(bda)-polymer could be
isolated in 75% yield. Upon further optimization, microcrystal-
line Ru(bda)-COF was obtained in 55% yield after imine

condensation in a 1:1 mixture of polar DMAc and nonpolar
mesitylene at 60 °C for 4 days (Figure 1a and Figures S5 and
S7−S10). Both precipitates were washed with DMAc and
anhydrous THF or dioxane followed by drying under high
vacuum.

The formation of extended imine polymers was proven by
Fourier transform infrared (FTIR) spectroscopy. The
occurrence of C�C and C�N stretching modes at 1548−
1555 cm−1 and 1620 cm−1, respectively, and the disappearance
of the N−H vibrations of the amino groups in 2 confirm the
formation of a cross-linked imine backbone for both Ru(bda)-
COF and Ru(bda)-polymer (Figure S18). For the crystalline
COF, the chemical connectivity of the framework was further
corroborated by solid-state CP-MAS 13C NMR spectroscopy
(Figure 1f). The lack of any aldehyde signal around 190 ppm
confirms the complete conversion and the absence of any free
dialdehyde 1 within the COF-matrix. The chemical shift of 152
ppm for the newly emerged imine moieties is in good
agreement with a literature report.33 For amorphous Ru(bda)-
polymer, only very broad and non-assignable spectra were
obtained. The thermogravimetric analysis (TGA) of Ru(bda)-
COF and Ru(bda)-polymer under a N2 atmosphere revealed a
slightly higher thermal stability up to 250 °C for the crystalline
COF compared to the amorphous polymer (Figure S19).

The nanoscale structure and ordering of the materials were
investigated by powder X-ray diffraction (PXRD). The lack of
any defined reflections for Ru(bda)-polymer confirms the
amorphous structure of this material (Figure S8). For as-
synthesized Ru(bda)-COF however, the experimental PXRD
pattern clearly reveals the presence of crystalline domains

Figure 2. Redox properties and chemical water oxidation catalysis for WOCs. (a) Cyclic and differential pulse voltammograms of Ru(bda)-COF
deposited on a multiwalled carbon nanotube-coated glassy carbon disk electrode. Time-dependent O2 evolution for various amounts of (b)
Ru(bda)-COF and (d) Ru(bda)-polymer (3.4 mL of aqueous solution using CAN (0.54 M) as a sacrificial oxidant, 20 °C, pH = 1
(CF3SO3H:H2O), 1000 rpm stirring speed). (c) Plots of initial catalysis rates (obtained by linear fit of O2 evolution curve for the first 2 or 150 s of
catalysis for the COF and polymer, respectively) versus WOC concentration with corresponding linear (Ru(bda)-polymer, purple) and quadratic
(Ru(bda)-COF, cyan) regression fit.
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differing from the starting materials (Figure 1e and Figure S7).
3D COFs with dia topology typically crystallize in highly
symmetrical tetragonal space groups.34 To account for the
steric demand and potential disorder of the out-of-plane bda
ligands however, we considered a lower symmetry for this
peculiar framework. After Pawley refinement with rigid body
restraints, a refined unit cell (P1, a = 18.3 Å, b = 19.0 Å, c =
20.1 Å, α = 92.4°, β = 89.6°, γ = 87.3°, Rwp = 7.35%, and Rp =
8.35%) was obtained and the first and most intense reflections
at 2θ = 6.8, 9.4, 11.4, 12.5, and 13.1 were indexed to the ⟨101⟩,
⟨200⟩, ⟨211⟩, ⟨202⟩, and ⟨220⟩ planes, respectively. To
provide a structural model for Ru(bda)-COF, we constructed
several periodical dia-nets from precursors 1 and 2 with
varying dimensions of the unit cell or degree of inter-
penetration (4- to 7-fold) and simulated PXRD patterns for
these structures (see the Supporting Information for more
details). From these data, the best match with the experimental
PXRD pattern was obtained for the dia-c5 structure with 5-fold
interpenetration that is shown in Figure 1b−d and Figures
S13−S15. The remaining discrepancies at wider angles are
presumably caused by disorder and rotations of the equatorial
bda ligands (Figures S16 and S17), which cannot be accurately
included in these simplified static models. As shown for the
models in Figure 1b,d, Ru(bda)-COF crystallizes in a rather
dense packing and the measured surface areas of 30 and 139
m2 g−1 (Ar adsorption at 87.3 K, Figure S20) for Ru(bda)-
COF and Ru(bda)-polymer, respectively, indicate that both
materials are nonporous with the obtained areas rather
correlating with the outer surface of the nanoparticles.
Interestingly, the higher value for the amorphous polymer
suggests a significantly lower surface roughness for Ru(bda)-
COF compared to Ru(bda)-polymer. The morphology of both
samples was further analyzed by scanning electron microscopy
(SEM). Generally, the as-synthesized Ru(bda)-COF showed a
sheet-like morphology in the range of 5−15 μm (Figures
S21a−d and S22a). However, a close inspection revealed that
individual sheets consist of spherical COF nanoparticles
(Figure S14c,e−h). Ultrasound sonication of a COF
suspension in water for 30 min resulted in the complete
disruption of the sheets into spherical nanoparticles in the
range of 70−2000 nm (Figure 1g and Figures S21l, S22b,
S40d, and S42d). Through polymeric membrane filtration,
different size fractions of Ru(bda)-COF were obtained (Figure
S23).

The redox properties of both Ru(bda)-COF and Ru(bda)-
polymer were investigated by cyclic and differential pulse
voltammetry. Electrochemical studies at pH = 7 (phosphate
buffer) highlight all three redox states of the catalyst in
aqueous solution. Three oxidation peaks versus a normal
hydrogen electrode (NHE) at +0.67, +0.89, and +1.08 V and
+0.69, +0.93, and +1.12 V were measured for Ru(bda)-COF
and Ru(bda)-polymer, respectively, which refer to the formal
redox pairs Ru2+/3+, Ru3+/4+, and Ru4+/5+ within the polymeric
matrices (Figure 2a). These potentials (Figure S25 and Table
S3) are, in particular for the crystalline COF, slightly lower
than those from a previous literature report for molecular
Ru(bda) catalysts.9 This lowering in oxidation potential might
be attributed to the ordered nanostructure of the extended
Ru(bda) domains, in which COOH units from bda linkers of
neighboring threads participate in weak hydrogen bonding
(Figure S26). As water oxidation catalysis typically involves
highly oxidized Ru5+ species, the lower potentials in the
ordered frameworks might facilitate the O2 evolution reaction.

Altogether, the combined analytical data provide convincing
evidence for the dense and highly ordered alignment of
molecularly defined Ru(bda) moieties at the interface of
spherical Ru(bda)-COF nanoparticles. As a reference material,
Ru(bda)-polymer has the same connectivity of the molecular
building units but lacks the nanoscale order of the catalytically
active centers.
Chemical Water Oxidation. O2 evolution for aqueous

suspensions (pH = 1) of Ru(bda)-COF and Ru(bda)-polymer
in the presence of cerium(IV) ammonium nitrate (CAN) as a
sacrificial electron acceptor (SEA) was measured with a
pressure transducer. To screen for optimum reaction
conditions, initial rates of O2 formation were obtained for
the first 2 s of catalysis at a fixed catalyst loading (1.0 g L−1

Ru(bda)-COF) and varying amounts of CAN (Figure S27 and
Table S4).

The observation of significantly lower rates at higher CAN
concentration indicates that the catalysis occurs on the surface
of the COF particles. With increasing concentration, CAN
molecules start to block the catalytically active sites at the
interface, which restricts the availability of water molecules
around the Ru centers, thus resulting in reduced performance.
For further measurements, we chose 0.54 M as the excess
concentration for CAN to achieve reasonable values for both
reaction rates and turnover. For amorphous Ru(bda)-polymer,
modest initial rates up to 809 μmol L−1 s−1 at 4.0 g L−1 and
first-order kinetics (kRu(bda)‑polymer = 211 μmol g−1 s−1) were
obtained (Figure 2c,d and Figure S28). The sigmoidal shape of
the O2 evolution curves for all concentrations (Figure 2d)
indicates a significant induction period and slow activation of
the solid material, which is presumably caused by the limited
accessibility of the active catalysts being randomly distributed
on the rough surface and buried in the thread-like morphology.
For crystalline Ru(bda)-COF however, a much higher and
instantaneous catalytic activity with initial rates as high as
26,600 μmol L−1 s−1 at 4.0 g L−1 was observed (Figure 2b and
Table S5). This up to 30-fold increase in activity for the
crystalline framework compared to the amorphous framework
impressively illustrates the beneficial effect of long-range order
on catalytic performance. Surprisingly, a plot of initial catalysis
rate versus Ru(bda)-COF concentration reveals second-order
kinetics (kRu(bda)‑COF = 1660 μmol L g−2 s−1), which seems
unusual for a heterogeneous catalyst (Figure 2c). The different
kinetics are indicative of a change in O−O bond formation
mechanism (see detailed discussion below). Encouragingly,
both the catalytic performance and the chemical and structural
integrity of Ru(bda)-COF were fully retained even after several
consecutive cycles (Figures S29−S31). Crystallite size
calculation from PXRD data using the Williamson−Hall
(W−H) plot method confirmed that there is no significant
change in the structure and domain sizes before (17 nm) and
after (14 nm) five catalytic cycles (Figures S32 and S33).
Apparently, the highly interpenetrated 3D structure of
crystalline Ru(bda)-COF provides the much-needed frame-
work stability31,35 while still maintaining molecular control on
the chemical environment for the catalytic units. The highest
TON for heterogeneous water oxidation is also around five
times higher for the COF as compared to the polymer (Table
S6). As another control experiment to probe the stability of the
COF backbone, we tested the filtrate of a Ru(bda)-COF
suspension for water oxidation (Figure S34). No indication for
O2 evolution during the whole measurement eliminates the
possibility of any degradation of the Ru(bda) unit into the
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solution phase during chemical water oxidation with the
heterogeneous catalyst. Additionally, we performed energy-
dispersive X-ray (EDX) analysis for a filtrated solution after
catalysis. The absence of any Ru signals rules out the leakage of
any soluble catalytically active species during the chemical
water oxidation (Figure S35).
Photocatalytic Water Oxidation. The accomplishment

of chemical water oxidation further motivated us to establish a
more complex three-component photocatalytic water oxidation
system for heterogeneous Ru(bda) polymers. For this purpose,
[Ru(bpy)3]Cl2 and sodium persulfate (Na2S2O8) were used as
the photosensitizer (PS) and SEA, respectively. The SEA
initially oxidizes the photogenerated PS* to PS+, which then
oxidizes the WOC repeatedly to achieve the pivotal Ru5+ state
(Figure S36).

Extensive screening of reaction conditions for this multi-
component system revealed the highest O2 evolution at a
particular WOC concentration (measured with a Clark-type
electrode) for cPS = 1.66 mM and cSE = 41 mM in a 3:7 mixture
of MeCN and an aqueous phosphate buffer solution at pH = 7
(Figures S37 and S38). Like in chemical water oxidation,
crystalline Ru(bda)-COF nanoparticles showed a significantly
higher catalytic activity compared to amorphous Ru(bda)-
polymer (Figure 3a,b). Even at a very low catalyst loading of
0.1 g L−1, an initial rate of 10.4 μmol L−1 s−1 was achieved for
Ru(bda)-COF, which was roughly 20 times higher than for
Ru(bda)-polymer (0.5 μmol L−1 s−1). To the best of our
knowledge, this is by far the highest rate achieved so far for any

COF-based heterogeneous water splitting systems for either H2
or O2 evolution (see Table S10 for a comparison with
literature benchmarks). Again, plots of the initial rates versus
WOC concentration revealed second- and first-order kinetics
for Ru(bda)-COF and Ru(bda)-polymer, respectively (Figure
3c). By quadratic or linear regression fits, second- and first-
order rate constants of 1072 μmol L g−2 s−1 and 3.0 μmol g−1

s−1 were obtained for the crystalline and amorphous frame-
works, respectively (Figure S39). These data suggest that the
O−O bond formation follows a similar mechanism for both
chemical and photochemical water oxidation. The different
performance and presumed switch in mechanism between
crystalline Ru(bda)-COF and amorphous Ru(bda)-polymer
impressively demonstrate the importance of order and
molecular precision for efficient heterogeneous catalysis. For
Ru(bda)-COF, a recyclability test confirmed its reusability and
chemical integrity, as the turnover for this multicomponent
photocatalytic water oxidation system did not decrease even
after five consecutive cycles (Figure 3d). For Ru(bda)-
polymer, a drastically reduced amount of O2 is generated
(Figure 3b), as the significantly lower activity of the
amorphous catalyst makes the degradation of the PS the
limiting factor in this system.
Mechanistic Investigation of Water Oxidation. For

molecular Ru WOCs, two main mechanistic pathways are
discussed in the literature that differ in the O−O bond
formation step: (i) the interaction of two highly oxidized Ru−
oxyl radicals (I2M) or (ii) the nucleophilic attack of a water

Figure 3. Photochemical water oxidation catalysis for Ru(bda)-based WOCs. Time-dependent O2 evolution for various amounts of (a) Ru(bda)-
COF and (b) Ru(bda)-polymer (2 mL solution of 3:7 MeCN/aqueous phosphate buffer (pH = 7), c([Ru(bpy)3]Cl2) = 1.66 mM, c(Na2S2O8) = 41
mM; irradiation started at t = 50 s and O2 formation was measured with a Clark-type electrode setup). (c) Plots of initial catalysis rates (obtained
by linear fit of O2 evolution curve between 65 and 75 s) versus WOC concentration with corresponding linear (Ru(bda)-polymer, purple) and
quadratic (Ru(bda)-COF, cyan) regression fit. (d) Recyclability test to five consecutive cycles for Ru(bda)-COF (2 mL solution of 3:7 MeCN/
aqueous phosphate buffer (pH = 7), c(Ru(bda)-COF) = 0.07 g L−1, c([Ru(bpy)3]Cl2) = 1.66 mM, c(Na2S2O8) = 41 mM; irradiation started at t =
50 s and O2 formation was measured with a Clark-type electrode setup).
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molecule at one highly oxidized Ru-oxyl species (WNA).
Usually, both pathways can easily be distinguished for
homogeneous catalysts as I2M or WNA WOCs show second-
or first-order kinetics, respectively. For immobilized I2M
catalysts, disorder and restricted motion typically prevent the
required proximity of individual catalysts, thus leading to a
switch to the WNA mechanism and significant loss in
performance. For Ru(bda)-COF however, chemical and
photochemical water oxidation is second order in COF
concentration, which indicates that two COF particles are
involved in the rate-determining step (RDS). For Ru(bda)-
polymer instead, the obtained first-order kinetics point to
either an intrapolymer process or a switch to the WNA
mechanism. To get more insight into mechanistic details, we
have investigated the primary kinetic isotope effect (KIE) for
polymeric Ru(bda) WOCs.

In the case of WNA, a proton-coupled process is involved in
the RDS, thus leading to a ratio of kHd2O/kDd2O of around 2 when
performing the water oxidation in both H2O and D2O. For
I2M, a KIE of around 0.7−1.5 is expected as no protons are
involved in the dimerization of two metal oxides as the RDS.
Figure 4 shows the O2 evolution curves and plots of initial rates
versus WOC concentration. For Ru(bda)-polymer, linear fits
and a KIE of 2.64 were observed, as expected, thus proving a
proton-coupled unimolecular RDS (Figure 4b,d). By contrast,
a KIE of 0.97 for the quadratic fits indicated a bimolecular
RDS without proton abstraction for Ru(bda)-COF (Figure
4a,c). Based on the combined analytical data, we propose the
following mechanisms for heterogeneous Ru(bda) WOCs. For

amorphous Ru(bda)-polymer, limited access to the Ru(bda)
moieties at the rough and disordered polymer interface (Figure
S24) prevents the efficient dimerization of activated catalysts,
thus restricting the water oxidation catalysis to a less efficient
WNA mechanism. For Ru(bda)-COF however, the spherical
morphology and smooth interfaces in extended crystalline
domains still enable the interaction of two metal oxides
following an interparticle I2M pathway. Catalysis initially starts
with Ru(II) that is stepwise-oxidized to Ru(V) oxo species.
After the release of oxygen from the dimeric intermediate,
Ru(III) and Ru(IV) states are released, which can directly be
subjected to the next catalytic cycle (Figure 5a). The
composition and electronic state of Ru(bda)-COF before
and after the catalysis were confirmed by X-ray photoelectron
spectroscopy (XPS) measurements. The high-resolution XPS
spectra of the O 1s, N 1s, Ru 2p, Ru 3d/C 1s, and Ru 4d/O 2p
binding energy regions are shown in Figure 5c,d and Figure
S54. The characteristic Ru 3d5/2 peak shifts from 278 to 279.5
eV before and after the catalysis, respectively, thus indicating a
change in oxidation state from Ru(II) to Ru(III) (Figure 5c).
This is consistent with the Ru 3d3/2 behavior (overlaid by
additional C 1s contributions) as well as with a low energy shift
of the O 2p valence band in Figure 5d.36 Solid-state UV−vis
diffuse reflectance (DR) spectroscopy also confirmed the
change in the oxidation state of Ru(bda)-COF (Figure S55).
Due to the change from Ru(II) to Ru(III), there is a facile
ligand-to-metal charge transfer (LMCT) resulting in a red shift
in absorption after catalysis. During both chemical and
photochemical water oxidation, the long-range order and

Figure 4. Kinetic isotope effect measurements for Ru(bda)-based WOCs. Time-dependent O2 evolution during chemical water oxidation for
various amounts of (a) Ru(bda)-COF and (b) Ru(bda)-polymer (2 mL of H2O (solid lines) or D2O (dashed lines) using CAN (0.53 M) as a
sacrificial oxidant, pH = 1, 20 °C, 100 rpm stirring speed; O2 formation was measured with a Clark-type electrode setup). Plots of initial catalysis
rates versus (c) Ru(bda)-COF and (d) Ru(bda)-polymer concentration (second- and first-order rate constants were determined by linear
regression fit for plots of initial rates versus square of Ru(bda)-COF concentration or Ru(bda)-polymer, respectively (Figure S46)).
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periodic arrangement of molecular Ru(bda) WOCs through-
out the COF domains make it possible that the crucial peroxo
bond formation between two metal oxo units can occur in a
concurrent fashion at multiple surface sites (Figure 5c and
Figure S45). Unlike the previously reported heterogeneous
systems,13,15,37 for which the photocatalysis generally proceeds
inside the pores and might be limited by diffusion, the uniform
structure and morphology of Ru(bda)-COF trigger the
catalysis at the smooth interfaces. In a highly cooperative
fashion, the zipper-type alignment of the catalytic units
simultaneously activates multiple sites for O−O bond
formation, thus further enhancing the catalytic performance
of the Ru(bda)-COF particles. The spherical morphology of
Ru(bda)-COF facilitates the diffusion of the COF particles in
solution, thus enhancing the likelihood for interparticle
collisions (Figure 5b). Therefore, smaller particle sizes at a
particular WOC concentration should lead to an enhancement
of catalytic performance due to faster diffusion and a more
favorable surface-to-volume ratio.

To test this hypothesis, we prepared two samples of
Ru(bda)-COF with different particle size distribution by
membrane filtration of sonicated COF suspensions. Indeed,
photochemical water oxidation for COF particles in the range
of 0.5−1 μm (Figures S40 and S41) and smaller than 0.5 μm
(Figures S42 and S43) revealed an increased performance with
decreasing particle size and second-order rate constants of
1169 and 1591 μmol L g−2 s−1 for the two samples. To
investigate the influence of interparticle collisions on the
catalytic activity, we have performed photocatalytic water
oxidation for Ru(bda)-COF suspensions without any stirring.
Interestingly, the initial rate drops down significantly from 3.21
to 0.54 μmol L−1 s−1 at 0.06 g L−1 Ru(bda)-COF
concentration with and without stirring, respectively (Figure
S44). Even more intriguingly, the initial rate shows now a
linear dependency on Ru(bda)-COF concentration (Figure 5f
and Figure S44b) and the KIE of 1.92 (Figure 5g and Figure
S51) clearly indicates a switch to the WNA mechanism by
merely switching the agitation. Apparently, stirring greatly

Figure 5. Proposed mechanism for water oxidation with Ru(bda)-based WOCs. (a) Mechanism of WNA and I2M pathways during catalytic water
oxidation for Ru(bda)-polymer and Ru(bda)-COF, respectively. (b) Cartoon representation of the cooperative interaction of metal centers at the
interface between different Ru(bda)-COF interfaces. (c, d) High-resolution XPS spectra of Ru(bda)-COF for regions Ru 3d/C 1s and Ru 4d/O 2p,
respectively. (e) Plots of initial catalysis rates versus Ru(bda)-monomer concentration (the kinetic isotope effect was estimated from the linear
regression fit for the plot of initial rates versus square of monomer concentration (Figure S48b)). (f) Plot of initial catalysis rates (obtained by
linear fit of O2 evolution curve between 145 and 155 s without any stirring during the measurement) versus Ru(bda)-COF concentration with
corresponding linear regression fit. (g) Plots of initial catalysis rates versus Ru(bda)-COF concentration in H2O and D2O (first-order rate constants
were determined by linear regression fit for plots of initial rates versus Ru(bda)-COF concentration).
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enhances the possibility for collisions between individual
particles, thus facilitating the proposed I2M mechanism.
Without agitation however, the COF nanoparticles sediment
and water oxidation is limited to a less effective WNA pathway
similar to the amorphous polymer. The obtained first-order
rate constant (8.9 μmol g−1 s−1) is higher than that of
Ru(bda)-polymer (3.0 μmol g−1 s−1). This could be due to the
smoother surface for the COF, which provides more accessible
sites for the WNA mechanism.

As a molecular control, we have further synthesized a
Ru(bda)-diimine complex following the standard reaction of
imine condensation with 4-tert-butylaniline (Scheme S4). This
monomer has the similar bond connectivity as Ru(bda)-COF.
It has been observed that the initial rate for this control
increases also quadratically during photocatalytic water
oxidation (Figure S53a−c). The KIE measurements show
that the kHd2O/kDd2O ratio is 0.96 (Figure 5e and Figures S47 and
S48). Thus, no protons are involved in the dimerization of two
metal oxides in the RDS. This is similar to the oxygen
formation pathway during COF-catalyzed water oxidation. To
further probe the particular activity of the Ru(bda) units and
any cooperative effects, we measured chemical water oxidation
of dialdehyde precursor 1 as another molecular model
compound. As expected, 1 proves to be an efficient WOC
following the I2M mechanism (Figure S52a) with a second-
order rate constant of k1 = 1.48 × 105 L mol−1 s−1. We have
further performed H/D KIE measurements using the Ru(bda)
dialdehyde precursor 1, showing a KIE of 0.98 for the free
ligand (Figures S49 and S50). This experimental evidence
firmly supports the I2M pathway of water oxidation for COF.
For crystalline Ru(bda)-COF, a lower rate constant of
kRu(bda)‑COF = 8.50 × 102 L mol−1 s−1 was obtained when
considering all Ru centers. For the proposed I2M mechanism
however, water oxidation is restricted to the accessible sites at
the nanoparticle interfaces. Thus, we have estimated the ratio
between the surface and bulk Ru for spherical nanoparticles of
different sizes. Based on a simple structural model derived from
PXRD data, we calculated bulk and surface densities of 1.12 Ru
per nm−3 and 1.06 Ru per nm−2 for the crystalline Ru(bda)-
COF phases (cuboid unit cell with a = b = 1.9 nm and c =
19.79 nm, eight Ru in the unit cell and four Ru available for
each face of the unit cell, see Structure Simulation for details).
From these values and the formulas for the volume (4/3·π·r3)
and surface (4·π·r2) of a sphere, we obtained surface-to-volume
ratios of 0.03 and 0.015 for nanoparticles with 200 and 400 nm
diameters, respectively. To estimate the activity of the
catalytically active surface sites, we adjusted the concentration
of Ru for the maximum amount available at the nanoparticle
interfaces and plotted the initial rate of O2 evolution against
the square of this effective concentration to obtain second-
order rate constants ksurface in the range of 0.94−3.78 × 106 L
mol−1 s−1 (Figure S52). The approximately 10-fold increase in
molecular activity after implementing 1 within Ru(bda)-COF
clearly indicates the proposed cooperative effect of the ordered
alignment of well-defined Ru catalysts in crystalline frame-
works. In reality, this effect should be even higher as the actual
amount of accessible Ru catalysts at the interface will be lower
due to grain boundaries (crystallite size of ∼15 nm, see Figures
S32 and S33) and other defects.

The immobilization of molecular Ru(bda) units in extended
3D imine frameworks turned out to be an excellent strategy for
preparation of highly active and durable heterogeneous WOCs.

For amorphous Ru(bda)-polymer, the photochemical activity
of 0.5 μmol L−1 s−1 at a low catalyst loading of 0.1 g L−1 is
already 500 times higher as the best COF-based WOC to date
and comparable to the benchmark H2-evolving frameworks
(Tables S9 and S10). Even more impressively, the crystalline
Ru(bda)-COF outperforms both the benchmark H2- and O2-
evolving COF systems by 25- and 10,500-fold increases of
initial rates.

■ CONCLUSIONS
In summary, we have for the first time integrated highly active
Ru(bda) catalysts as integral subcomponents into 3D imine
polymers. Depending on the reaction solvent, amorphous
Ru(bda)-polymer or crystalline Ru(bda)-COF were isolated
after isothermal imine condensation. The amorphous structure
showed only modest activity in both chemical and photo-
chemical water oxidation as the disordered distribution of the
Ru centers limits water oxidation to the slow WNA pathway.
For the precisely designed crystalline COF however, the
periodicity of the atomically pinpoint framework allows for a
cooperative interplay of multiple active sites for a facile water
oxidation via the I2M mechanism. The 5-fold interpenetration
of the dia-network significantly enhances the stability as the
heterogeneous catalyst could be recycled for several cycles
without any loss of activity. This modular design approach
might also be applied to the efficient immobilization of other
highly active molecular catalysts to combine molecular
precision with heterogeneous durability and processability.
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