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Supported transition metal complexes represent the 1 
majority of catalysts used in heterogeneous catalysis, and 2 
one main research goal in this area is minimizing the size of 3 
transition metal nano particles aximize the loading of active 4 
sites and catalytic efficiency. Recent emergence of single-5 
atom catalysts (SACs) has offered additional incentives due 6 
to new opportunities associated with this possibly smallest 7 
size [1]. Early examples of the supported SACs mostly 8 
involved nobel transition metal elements, such as platinum 9 
(Pt) [2], palladium (Pd) [3], ruthenium (Ru) [4], and gold (Au) 10 
[5], while efficient catalytic activities have been reported 11 
employing these noble metal catalysts, their low earth’s 12 
crust abundance has prompted the development of SACs 13 
based on other widely available elements. Iron (Fe) is the 14 
most abundant transition metal element, and the preparation 15 
of highly active iron-based SACs (Fe-SACs) are 16 
undoubtedly attractive, especially considering recent reports 17 
about their higher activity than Pt catalysts in oxygen 18 
reduction reaction [6]. 19 

Currently iron SACs (Fe-SACs) are mainly prepared 1 
through energy-intense processes such as carbonization [7], [8] 2 
and ball-milling[9]. One inevitable problem with these harsh 3 
processes is that the original structures are always damaged 4 
to some degree and the exact structural parameters of the 5 
resulting materials are uncontrollable. The lack of full 6 
appreciation and control of the structural features of Fe-7 
SACs thus has hampered the efforts trying to elucidate the 8 
correlation between structures and catalytic performance. 9 

Incorporation of this structurally well-defined model into 1 
Fe-SAC research can greatly speed up the development of 2 
new and potent Fe-SACs, but the prerequisite is the 3 
development of a benign preparation process, which has 4 
remained elusive with scarce and isolated examples [10]. 5 

Different from noble metal complexes, iron catalysts 1 
can benefit from spin state manipulation, and the high-spin 2 
state iron catalysts are of special interest due to their high 3 
catalytic activity in many reactions [11, 12, 13]. In fact, natural 4 
enzymes such as intradiol dioxygenases also possess high 5 
spin state iron as the catalytically active centers[14]. 6 
Incorporation of high spin iron centers in SACs in a 7 
controllable manner is therefore of significant importance. 8 
Although high spin-state Fe-SACs have been previously 9 
reported [15], these are actually “after-the-fact” results, and 10 
there is no clear and reliable design principle to follow due 11 
to the harsh preparing conditions. How to purposefully 12 
design a high-spin Fe-SAC has remained unknown. 13 

Herein, we report a rational design and preparation of 1 
high-spin Fe SAC with benign synthesis condition through 2 
the use of catechol groups. Our design has been based on 3 
the following rationales. First, the iron-catechol bond with 4 
covalent nature [16] has been one of the strongest interactions, 5 
commonly utilized in material science [17] and biological 6 
siderophores [18], and can therefore facilitate iron attachment 7 
without harsh treatment. Second, the iron/catechol bond has 8 
been demonstrated as high spin [19], and therefore a high spin 9 
Fe-SAC is expected with catechol as the anchoring groups. 10 
Third, the plantation of catechol in a rigid porous polymer 11 
can prevent saturated coordination and leave unsaturated 12 
coordination sites for catalysis. 13 

Following these concepts, a catechol-containing 1 
microporous polymer with graphitic units has been 2 
synthesized, and then the fabrication of the Fe-SAC is 3 
performed with ethanolic FeCl2 treatment and subsequent 4 
heating at 100 oC through the strong catechol-iron 5 
interaction. The Fe-SAC is characterized by various 6 
methods including an aberration-corrected scanning 7 
transmission electron microscope (AC-STEM) and 8 
synchrotron X-ray absorption spectroscopy (XAS), 9 
confirming the single-atom distribution and high spin-state 10 
of supported Fe atoms. The benign synthesis condition 11 
allows transferring of the structural information of the 12 
precursors onto the SAC, enabling a successful design in the 13 
way that graphitic catechol units lead to expected generation 14 
of a high-spin Fe-SAC. Other structural features such as the 15 
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curvature and bulkiness of the precursors are also 1 
maintained, thwarting the inter-layer stacking and 2 
promoting maximum dispersion of the Fe-SAC. The 3 
dispersible high spin Fe SAC exhibits the highest catalytic 4 
activity among all heterogeneous iron-based catalysts 5 
hitherto in 4-nitrophenol reduction by NaBH4 up to now. 6 

The synthesis of our catechol containing porous 7 
polymer is inspired by a previously reported method for the 8 
synthesis of a series of graphitic organic molecules, in 9 
which 1,3,5-tribenzylbenzene (compound 1) reacts with 10 
mono-aldehyde in one-pot to form various 11 
hexabenzocoronene derivatives with high yields [20]. We 12 
reason that the use of di-aldehyde fluorene (compound 2) 13 
will lead to the generation of a two-dimensional porous 14 
graphene polymer (POG-OMe), and subsequent hydrolysis 15 
of the methoxy groups can release the catechol groups to 16 
generate the anticipated polymer (POG-OH). As shown in 17 
Fig. 1a, the reaction between compound 1 and 2 smoothly 18 
affords the anticipated conjugated 2D polymers POG-OMe 19 
after oxidation with excessive FeCl3. Deconvoluted C1s 20 
XPS peaks in Fig. S8a show the characteristic conjugated 21 
sp2 carbon (284.7 eV), and the peaks at 285.5 and 286.5 eV 22 
are assigned to sp3 carbon atoms of C-C and C-O bonds 23 
respectively [21]. The O1s XPS spectrum in Fig. S8b at 533.2 24 
eV is due to the O-C bonds, consistent with C1s spectrum 25 
analysis [22]. As shown in Fig. S8c, Raman spectroscopy 26 
confirms the existence of graphitic carbon at 1590 cm-1 and 27 
1350 cm-1, which are expected for the conjugated graphitic 28 
macromolecules [23]. The porosity of POG-OMe is 29 
investigated with N2 adsorption-desorption experiments at 30 
77 K. As shown in Fig. 1b, it displays a rapid uptake at low 31 
relative pressures (P/P0 < 0.001), indicating the presence of 32 
substantial amount of micropores. NLDFT [24] calculation 33 
reveals that POG-OMe predominantly contains micropores 34 

of 1.67 nm in size (Fig. 1b), which is consistent with the 35 
calculated values of 1.68 nm based on a structural model of 36 
POG-OMe (Fig. S9). The BET surface area for POG-OMe 37 
is as large as 848 m2 g-1. In addition, POG-OMe is mainly 38 
amorphous according to its PXRD spectrum (Fig. S10), and 39 
this is also expected for porous polymers constructed with 40 
irreversible covalent bonds.  41 

42 
POG-OMe is treated with excessive BBr3 and then 43 

water to provide POG-OH in a quantitative yield. As shown 44 
in Fig. 1c, the IR analysis clearly reveals the complete 45 
disappearance of C-O-C stretching vibration peak at 1112 46 
cm-1 and emergence of a new peak at around 3500 cm-1 47 
characteristic of O-H stretching, and therefore confirms the 48 
full hydrolysis of the methoxy groups into hydroxyl groups 49 
to generate catechol moieties. Solid state 13C-NMR also 50 
provides evidences for the complete hydrolysis. The 51 
analysis of the 13C-NMR spectra for POG-OMe-S and 52 
POG-OH-S (Fig. 1d, fully characterized by 1H-NMR and 53 
MALDI-TOF, Figs. S4-7) shows the disappearance of the 54 
peaks at 55 ppm (C-OCH3) and 150 ppm (C-OCH3) and 55 
appearance of a new peak at around 142 ppm (C-OH) after 56 
hydrolysis. The similar spectrum changes between POG-57 
OMe and POG-OH therefore supports the complete 58 
hydrolysis of all methoxy groups in POG-OMe. 59 

With the presence of catechol groups, POG-OH is 60 
then used as the support for iron catalysts. 100 mg POG-61 
OH is treated with iron (II) chloride solution in ethanol (8.9 62 
mL, 1 mM, 0.03 eq. per catechol, 0.5 wt% Fe compared to 63 
POG-OH) at room temperature, and after filtration and 64 
washing by pure water, the sample is then heated at 100oC 65 
for 24 hours to obtain Fe@POG-OH (see supporting 66 
information S2 for the details).  67 
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1 

Figure 1. Overall synthesis scheme for POG-OH. (i) FeCl3, Ac2O, CH2Cl2, MeNO2, rt (ii) CH2Cl2, BBr3, 50 oC 48 h. POG-OH-S is a small monomer 2 
version of POG-OH. POG-OMe-S and POG-OMe stand for the relative hydrolysis precursors with methoxy groups. (b-c) Nitrogen adsorption-3 
desorption isotherms and pore-size distribution of POG-OMe. (d) IR spectra of POG-OMe and POG-OH, showing the complete disappearance of C-4 
O-C vibration and appearance of hydroxyl groups. (e) 13C CP-MAS solid-state NMR spectra of POG-OMe, POG-OH, POG-OMe-S and POG-OH-S.5 
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The structural details of Fe@POG-OH are revealed by 1 
atomic-resolution high-angle annular dark-field scanning 2 
transmission electron microscope (HAADF-STEM) analysis 3 
(Fig. 2). Isolated single Fe atoms are clearly identified as the 4 
bright dots around 0.1 nm. Energy dispersive X-ray 5 
spectroscopy (EDS) mapping confirm the uniform 6 
distribution of iron atoms on the support. It is estimated 7 
roughly 0.5 wt% iron has been loaded based on the EDS 8 
analysis (Fig. S11). Since initially 0.5 wt% Fe is used, the 9 
trapping efficiency is therefore almost quantitative. 10 

The electronic structure and coordination geometry of 11 
the Fe@POG-OH are further interrogated via synchrotron 12 
X-ray absorption spectroscopy (XAS) (Fig. S14), In 13 
comparison with the Fe K-edge XANES spectrum of Fe foil 14 
(Fig. S15a, the yellow trace), a shift to a higher energy in 15 

the rising edge (between 7110 and 7125 eV) is observed for 16 
the Fe@POG-OH (Fig. 15a, the black trace), indicating the 17 
Fe@POG-OH is in a higher oxidation state and comparable 18 
with the edge shift found in Fe2O3 and FeCl3 (Fig. S14a, the 19 
red and blue traces), where the Fe is known to possess the 20 
+3 oxidation state (ferric). XPS analysis (Fig. S12) confirms 21 
the high oxidation state of +3 for iron atoms [25]. The 22 
oxidation of original Fe (II) due to heating in air is common23 
[26], and can explain detection of the Fe (III) in Fe@POG-24 
OH.  25 

The benign synthesis condition of Fe@POG-OH 26 
ensures that the structural information, such as symmetry, 27 
curvature and bulkiness, of POG-OH is intactly transferred 28 
to the final Fe@POG-OH to maintain porosity and 29 
dispersity.30 

31 

32 

Figure 2. (a, b) HAADF-STEM images of Fe@POG-OH at different resolutions, (c) HAADF-STEM image and corresponding EDS elemental 33 
mapping (C, O and Fe) of Fe@POG-OH. 34 

35 
The benign synthesis condition also enables good 36 

dispersion of the Fe-SAC. Unlike most 2D graphitic 37 
supports, which usually don’t disperse in solvent by 38 
themselves due to strong π…π interaction, Fe@POG-OH 39 
disperses in water or ethanol immediately upon sonication 40 
as shown in Fig. S15c, and the dark yellow aqueous or 41 
ethanolic dispersion can stabilize for hours without any 42 
appreciable precipitation. The good dispersion is attributed 43 
to the inherited structural features from the building units. 44 
As shown by the single-crystal structures of various 45 
hexabenzocoronene derivatives [27], these highly conjugated 46 

molecules are far from being planar, and instead they 47 
exhibit bent and curved shapes, which can frustrate dense 48 
packing and therefore is conducive to the formation of a 49 
porous and dispersible polymer. The dimethyl groups on the 50 
fluorene can provide steric bulkiness to further reduce the 51 
layer interaction in Fe@POG-OH. Geometry optimization 52 
of POG-OH performed with the Forcite module in Material 53 
Studio 6.0 (details in supporting information) reveals the 54 
overall wavy shape with these bent and bulky groups 55 
preventing the formation of a flat structure (Fig. S15a). 56 
During the preparation of our manuscript, we also noticed a 57 
very recent publication demonstrating the inherent wavy 58 
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nature of a similar COF based on hexabenzocoronene 1 
building blocks, confirming our analysis [28].  2 

3 
Fe-POG-OH is then examined as the catalyst for 4 

organic reactions since its pores can provide diffuse 5 
pathways for reactants to reach the active Fe centers, and 6 

therefore would expose Fe atoms in the bulk to the reactants. 7 
The dispersity can further reduce the diffusion length of the 8 
reactants for a high reaction rate. With the unique 9 
environment around the iron centers, high catalytic 10 
performance is expected. 11 

12 

Figure 3. (a) Time-dependent UV-vis. spectra of the 4-NP reduction by NaBH4 catalyzed by Fe@POG-OH, (b) Consumption rate of 4-NP: -ln (Ct /C0) 13 
vs reaction time (bottom, R2 = 0.98). 14 

Fe-POG-OH is then examined as the catalyst for organic 15 
reactions since its pores can provide diffuse pathways for 16 
reactants to reach the active Fe centers, and therefore would 17 
expose Fe atoms in the bulk to the reactants. The dispersity 18 
can further reduce the diffusion length of the reactants for a 19 
high reaction rate. With the unique environment around the 20 
iron centers, high catalytic performance is expected. The 21 
reduction of nitro into amino groups is one important 22 
chemical transformation in both pharmaceutical and fine 23 
chemical synthesis.[29] In addition to hydrogen gas, sodium 24 
borohydride (NaBH4) has also been used as the reductant, 25 
and its benign reducing condition is advantageous. Among 26 
many catalysts used in nitroaromatics reduction with NaBH4, 27 
iron-based ones usually perform less effectively than other 28 
transition metal catalysts, such as gold [30] and Pt [31]. 29 
Although iron-based catalysts can significantly alleviate the 30 
global dependence on these expensive low-abundance 31 
elements, there is currently an urgent need to improve their 32 
catalytic performance, and we expect that Fe@POG-OH 33 
can greatly improve the catalytic efficiency due to single-34 
atom distribution of Fe atoms and good dispersion. 35 

36 

37 

Figure 4. Comparison between Kapp normalized with molar 38 
percentage of iron relative to the amount of p-nitrophenol. 39 
ZVI stands for zero-valent iron particles, NZVI stands for 40 
nanoscale zero-valent iron particles. Detailed analysis is 41 
available in Table S3 in the supporting information. 42 

43 
We examine the 4-nitrophenol (4-NP) reduction at 44 

room temperature in water with NaBH4 concentration of 45 
0.217 M and 4-NP concentration of 1.3×10-4 M in 2.3 ml 46 
water. As suggested by previous reports, [32] the amount of 47 
NaBH4 is added in great excess to make the reaction kinetics 48 
pseudo-first-order. After mixing of 4-NP and NaBH4, a 49 
solution of Fe@POG-OH in water (1 mg/mL, 50 μL, 50 
4.5*10-6 mmol, 1.5 mol% relative to 4-NP (based on 51 
1.5mol% Fe in Fe@POG-OH) is introduced, and then the 52 
reaction progress is monitored with the UV-vis spectroscopy. 53 
As shown in Fig. 3, it is surprising to find that at such a low 54 
loading of Fe@POG-OH, the Kapp reaches as high as 55 
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1.835×10-3 s-1, measured by the UV-vis adsorption at 400 1 
nm of 4-NP. Considering the usage of 1.5 mol% Fe, this 2 
Kapp translates into a normalized mole-based value of 0.123 3 
s-1 (0.001835 s-1/0.015). As shown in Fig. 4, Fe@POG-OH 4 
has highest molar Kapp among iron-based heterogeneous 5 
catalyst. We attribute the fast kinetics of Fe@POG-OH to 6 
the single-atom distribution of high-spin iron atoms and 7 
excellent solution dispersion. Hot filtration experiment is 8 
performed to validate the heterogeneous nature of the 9 
reaction, with the observation that the reaction immediately 10 
stops after filtration. 11 
Conclusion 12 

In summary, a high-spin Fe-SAC (Fe@POG-OH) has 13 
been purposefully designed and synthesized under benign 14 
conditions through the utilization of strong iron/catechol 15 
interaction. Fe@POG-OH exhibits fast catalytic kinetics in 16 
the NaBH4 reduction to 4-nitrophenol. The modular 17 
synthesis of POG-OH also provides opportunities for fine-18 
tuning its reactivity in the future. Given the strong affinity 19 
of catechol with a wide of range of transition metal ions, we 20 
propose that POG-OH will provide a new way to prepare 21 
various transition metal SACs for heterogeneous catalysis. 22 
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