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Abstract
We have designed a polymer, hc-TBtd-COP incorporating a Wurster-type redox-active building unit for the in situ reduction and nucleation of platinum 
nanoparticles which forms an organic polymer-wrapped metal nanoparticle composite. This composite exhibits exceptional mass activity (MA) (about 
5 times larger than 20% Pt/C at 0.9 V vs. RHE) and specific activity (SA) (approximately 2 times larger than 20% Pt/C at 0.9 V vs. RHE) for the oxygen 
reduction reaction. The efficient electrocatalysis results from higher catalytic site dispersion and superior atom utilization efficiency. This research 
contributes to the advancement of composite materials for enhanced electrocatalytic performance.

Introduction
The oxygen reduction reaction (ORR) is a pivotal process in 
regenerative energy conversion, serving as a cornerstone in 
advanced technologies, like polymer electrolyte membrane 
fuel cells (PEMFCs) and metal-air batteries. Notably, proton 
exchange membrane fuel cells (PEMFCs) have garnered sub-
stantial attention for their ability to direct electrochemical con-
version, largely attributed to the utilization of highly efficient 
ORR electrocatalysts. Among these, noble metals, particularly 
ultrafine-sized platinum (Pt) and Pt-based electrocatalysts, have 
shown promise.[1–3] Their smaller particle sizes provide larger 
surface areas with numerous defects, significantly enhancing 
catalytic activity for ORR. High Pt loading remains a cost 
challenge, and issues such as agglomeration of Pt NPs and 
corrosion of global support cease their long-term operational 
durability. Researchers have reported various NPs stabilizers, 
including surfactants, polymers, dendrimers, and ligands, as 
capping agents on carbon materials to mitigate these issues. 
However, the presence of these capping functionalities mask-
ing around the NPs may compromise their activity, necessi-
tating the finding of alternative support functionality that can 
prevent active site aggregation without sacrificing catalytic 
performance. Despite making significant progress in achiev-
ing remarkable fuel cell efficiency using nanoparticles of Pt 
and Palladium (Pd) nanoparticle (NP) supported on conductive 
carbon materials with a higher surface area, concerns remain 
regarding their economic viability and durability.

Covalent organic frameworks (COFs) and polymers (COPs) 
have gained popularity as a reliable choice for stabilizing nan-
oparticles due to their stability and functional tenability.[4–8] 

COPs are hydrolytically stable organic polymers, making them 
excellent scaffolds for anchoring catalytic metal nanoparticles. 
Moreover, the incorporation of heteroatoms, such as nitrogen 
(N), and sulfur (S), into the COP frameworks endows covalent 
organic polymer/frameworks (COFs) with additional advan-
tages as ideal supports for immobilizing active sites for cataly-
sis.[9–11] Metal coordination sites have been incorporated into 
various functional COPs, allowing for the controlled nucleation 
of metal nanoparticles with a homogeneous size distribution 
within the COP structure. These resulting metal nanoparticle-
supported COP systems (NP@COP) exhibit greatly improved 
electrochemical activity and long-term durability in electroca-
talysis. However, there are two primary obstacles that COPs 
must overcome to become optimal scaffolds for noble metal-
based electrocatalysis. Firstly, during the NPs immobilization 
process inside COPs, the reduction of metal ions by external 
reducing agents often leads to uncontrolled reduction.[12,13] 
This results in the growth of larger nanoparticles which leads 
to a lower exposure of active sites, which affects the atom uti-
lization of precious metals.[14,15] Achieving selective reduction 
of metal ions within the pores of COPs remains a significant 
challenge. The second bottleneck in achieving a higher current-
to-metal loading ratio from NP@COP is the inherently poorer 
conductivity of most COPs compared to conventional electro-
catalyst materials, like carbon. As a result, the electrochemical 
activity of most NP@COP systems is significantly lower due 
to the charge-transfer limitations which can be attributed to the 
lower conductivity of the COPs matrix during the catalytic pro-
cess. To date, most synthetic strategies for COP-supported elec-
trocatalysts require pyrolytic treatment at higher temperatures 
to achieve improved conductivity, which may cause unwanted 
structural changes and undesired metal losses.[16] The develop-
ment of highly efficient ORR electrocatalysts is crucial for the 
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advancement of regenerative energy conversion technologies. 
While noble metals like Pt have shown promise, challenges 
remain, including reducing Pt loading with improved current 
density and improving long-term stability. COPs represent an 
exciting avenue for addressing these challenges, offering stabil-
ity and versatile coordination sites. However, selective reduc-
tion and enhancing their conductivity remain key challenges 
in harnessing the full potential of COPs as electrocatalyst sup-
ports. As research continues in this field, the quest for a non-
pyrolytic approach for noble metal-based electrocatalysts with 
defect-free structures and predictable active sites promises to 
be an exciting and essential area of investigation.

Material and methods
Catalyst synthesis
All chemicals and solvents were used as received without any 
further purification. Ultrapure water (Millipore Milli-Q grade) 
with a resistivity of 18.2 MΩ was used in all experiments. 
2,1,3-Benzothiadiazole-4,7-bis (boronic acid pinacol ester) was 
purchased from Ambeed, Inc., USA. 4-Bromotriphenylamine, 
Potassium tetrachloroplatinate, Tetrakis (triphenylphosphine)
palladium(0), and all the organic solvents are purchased from 
Millipore Sigma, USA. Anhydrous Potassium carbonate, HCl, 
and H2SO4 were purchased from Fisher Scientific, USA. Oxy-
gen (O2, 99.999%) and argon (Ar, 99.9999%) were supplied 
by Airgas, Texas.

Synthesis of 4,4′‑(benzo[c]
[1,2,5]thiadiazole‑4,7‑diyl)
bis(N,N‑diphenylaniline) (TBtd)
To synthesize (TBtd), 2,1,3-Benzothiadiazole-4,7-bis (boronic 
acid pinacol ester) weighing 0.194 g (0.5 mmol), 4-Bromotriph-
enylamine weighing 0.33 g (1.01 mmol), K2CO3 (2 M, 1.5 mL) 
and Pd(PPh3)4 (57 mg; 0.05 mmol) were dissolved in 6 mL of 
Argon-saturated dioxane. Then, the mixture was then stirred at 
refluxing conditions for 30 h. After that, the reaction mixture 
was poured into ice water, and the organic layer was extracted 
using dichloromethane. The extracted solution was then dried 
over MgSO4 and concentrated to dryness. The crude mixture 
was purified by column chromatography on silica with CH2Cl2/
hexane = 2:3 as eluent to obtain the product as a pale yellow 
solid (202 mg, Yield = 64%). 1H-NMR (600 MHz, CDCl3) 
δ = 7.90 (d, J = 8.6 Hz, 4H), 7.77 (s, 2H), 7.31 (t, J = 8.0 Hz, 
8H), 7.25–7.20 (m, 12H), and 7.09 (t, J = 7.3 Hz, 4H).

Synthesis of hc‑TBtd‑COP
A solution of TBtd (93 mg, 0.15 mmol) in 1,2-dichloroethane 
(6.0 mL) was transferred dropwise to a suspension of anhy-
drous FeCl3 (250 mg, 1.56 mmol) in anhydrous 1,2-dichlo-
roethane (5.0 mL). Then, the reaction mixture was heated to 
reflux for 8 h. After cooling down the reaction mixture, metha-
nol (1 L) was poured into the mass and continuously stirred 
for 30 min. Then, the solid precipitate was filtered and washed 

with methanol, tetrahydrofuran, and water repeatedly to remove 
entrapped monomer and catalyst residues. The solid sample 
was extensively washed with tetrahydrofuran and methanol 
using a Soxhlet apparatus as solvents for 24 h. Finally, the solid 
material was dried under vacuum for 24 h at 50°C to isolate the 
polymer as reddish-brown powder (51 mg, 54% yield).

Synthesis of Pt@hc‑TBtd‑COP
In a standard synthesis procedure, 3 mg of K2PtCl4 was dis-
solved in a 5-ml water/ethanol mixture (1:1 v/v). Subsequently, 
50 mg of hc-TBtd-COP was introduced into the solution, fol-
lowed by 30 min of ultrasonication at room temperature to 
achieve a homogeneous solution. The resulting mixture was 
then transferred into a glass ampule and heated in an oven at 
55°C for 6 h. The resulting blackish-brown precipitate was 
filtered and subjected to washing with ethanol and water to 
eliminate any unreacted platinum salt. Finally, the product was 
dried under a vacuum overnight.

Electrochemical measurements
Electrochemical measurements were conducted utilizing both 
alkaline (0.1-M KOH) and acidic (0.5-M H2SO4) electrolytes 
in a conventional three-electrode system on an electrochemical 
workstation (Pine). The setup included a Platinum (Pt) coil as 
the counter electrode, while Ag/AgCl (4-M KCl) served as a 
reference electrode, respectively. The working electrode was 
a rotating ring disk electrode (RRDE) with a disk diameter 
of 5 mm and a ring area of approximately 0.109 cm2. Pt@
hc-TBtd-COP/acetylene black (6 mg; 1:1) was dispersed in a 
980-µL ethanol/water mixture (4:1) containing 5-wt% Nafion 
(20 µL). The resulting catalyst ink was sonicated for 2 h at 
room temperature to ensure a homogeneous dispersion. Sub-
sequently, 5 µL of the ink was drop cast on the RRDE disk 
electrode area, forming a catalytic layer over the glassy car-
bon (GC) disk electrode and left to dry overnight. The loading 
density of all catalytic ink was maintained at approximately 
0.15 mg cm−2. GC area of RRDE serves as the primary working 
electrode and Pt ring serves as secondary working electrode. 
iR corrections were applied to all potential reported in this 
study. Potential values were calibrated and converted to the 
reversible hydrogen electrode (RHE) using the formula: E (vs. 
RHE) = E (vs. SCE) + 0.244 V + 0.059*pH-iR, in 0.1-M KOH 
and 0.5-M H2SO4. For the preparation of the working elec-
trode, Oxygen reduction reaction (ORR) measurements were 
conducted using various electrochemical techniques, including 
linear sweep voltammetry (LSV), cyclic voltammetry (CV), 
and electrochemical impedance spectroscopy (EIS). CV curves 
were recorded within a potential range of 1.2 V to 0.2 V vs. 
RHE at a scan rate of 10 mV/s after the electrolyte was purged 
with oxygen (O2) for at least 30 min. Before the experiment, 
50 cycles of CV (50 mV/s) were recorded to activate the cata-
lyst. LSV curves were measured in O2-saturated 0.1-M KOH 
electrolytes and 0.5-M H2SO4 with the rotating speed rang-
ing from 400 to 2000 rpm and a sweep rate of 10 mV/s. The 
current density was calculated from the current normalized by 
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the geometrical area of the GC electrode. The Tafel plot was 
derived from the LSV results with a sweep rate of 10 mV/s 
and a rotating speed of 1600 rpm. RRDE voltammogram was 
carried out in O2-presaturated 0.1-M KOH and 0.5-M H2SO4 
on the disk electrode at a rotating speed of 1600 rpm with a 
fixed potential of 1.2 V (vs. RHE) in the Pt ring electrode with 
a scan rate of 10 mV/s, detecting the produced H2O2 from the 
ring electrode. The H2O2 selectivity and electron transfer num-
ber were estimated from the ring current and disk current at 
1600 rpm based on the following equations.[17,18]

where idisk and iring are the disk and the ring current, respec-
tively, and N is the collection efficiency (N = 0.25).

Result and discussion
In this study, we have devised a novel synthetic approach for 
immobilizing finely dispersed Platinum (Pt) nanoparticles 
(NPs) by introducing a redox-active covalent organic polymer 
known as hc-TBtd-COP. The synthetic building unit, TBtd was 
characterized by 1H-NMR spectroscopy (ESI Fig. S1). The 
synthesis of hc-TBtd-COP involved the oxidative coupling 
of TBtd, a Wurster-type functional molecule,[19,20] utilizing 
ferric chloride as a catalyst,[21] which demonstrated superior 
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efficiency compared to other Lewis acids, like aluminum chlo-
ride and tin tetrachloride.

As illustrated in Fig. 1, the preparation of hc-TBtd-COP 
involved the bridging of two triphenylamine (TPA) units via 
2,1,3-Benzothiadiazole core, creating a unique arrangement 
in the polymerizable monomer. This unique structure enables 
hc-TBtd-COP to function as a Wurster-type reducing agent 
for Palladium (II) and Platinum (II). Subsequently, when 
hc-TBtd-COP was immersed in a Platinum (II) solution, an 
in situ redox process occurred between the reductive TPA unit 
and adsorbed Platinum ions. This process led to the confined 
growth of ultrafine and uniform Pt nanoclusters NCs) inside 
porous channels.

The presence of TPA units in the TBtd building unit facili-
tates the confined reduction of Pt inside the pores of hc-TBtd-
COP, minimizing the likelihood of reduction occurring in the 
solution. Moreover, the interaction between Pt NPs and the 
nitrogen- and sulfur-rich hc-TBtd-COP hinders the spontaneous 
aggregation of Pt NPs, exposing more active sites. The result-
ing uniformly confined Pt NPs supported by hc-TBtd-COP 
make it an efficient electrocatalyst for the oxygen reduction 
reaction (ORR).

The functional groups of hc-TBtd-COP were character-
ized by FT-IR spectra. As depicted in Fig. 2(a), characteristic 
peaks, including the unsaturated stretching (C=C) vibrations at 
approximately 1485 cm−1 and 1591 cm−1 and the C–N stretch-
ing vibration near 1268 cm−1, were observed for hc-TBtd-COP. 
These peaks were retained in Pt@hc-TBtd-COP, confirming the 
existence of the polymerized triphenylamine core.

The materials were characterized using Powder X-ray dif-
fraction (XRD). For pure hc-TBtd-COP, typically no crystalline 
peak was observed which indicates the amorphous nature of the 

Figure 1.   Schematic drawing describing the preparation of Pt@hc-TBtd-COP.
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polymer. The PXRD pattern of Pt@hc-TBtd-COP [Fig. 2(b)] 
displays multiple diffraction peaks, demonstrating the presence 
of Pt nanoparticles present inside hc-TBtd-COP. The broad 
hump at 17° corresponds to the amorphous structure of the 
polymer.[22,23] Meanwhile, PXRD of Pt@hc-TBtd-COP has 
diffraction peaks between 2θ = 40°–90°. The presence of face-
centered cubic (fcc) Pt lattice is recognizable, as indicated by 
the characteristic peaks around 40.05°, 46.64°, 68.02°, 81.95° 
and 86.27° which can be assigned to the Pt (111), Pt (200), 
Pt (220), Pt (311), and Pt (311) plane, respectively (JCPDS: 
00-004-0802). This indicates the in situ reduction and nuclea-
tion of platinum precursor, K2PtCl4 to Pt NPs by hc-TBtd-COP. 
Based on Scherrer’s equation (ESI Fig. S2) and the broadening 
parameter of the Pt (220) peak, the average size of the Pt NP 
crystallites present inside Pt@hc-TBtd-COP was calculated to 
be ∼3.8 nm.

Pt@hc-TBtd-COP was further investigated by X-ray pho-
toelectron spectroscopy (XPS). A wide range of XPS was 
recorded to detect the surface composition. Figure 2(c) shows 

the XPS spectra of the core-level Carbon 1 s electrons. The 
peak is composed of three subpeaks centered at about 285.9, 
284.7, and 283.9 eV which could be assigned for C=N (Btd; 
2 1 3-Benzothiadiazole), C–N, and C–C carbons, respec-
tively. Figure 2(d) shows the XPS spectra of core-level N1s 
electrons. The peak is composed of two subpeaks centered 
around 398.9, and 399.5 eV which could be assigned for 
N (triphenylamine) and N (Btd), respectively. S 2p spectra 
of Pt@hc-TBtd-COP as shown in Fig. 2(e) exhibited three 
peaks around 164.8, 166.06 eV, and 168.1 eV. Those could 
be assigned for S2p3/2, S2p1/2, and oxidized sulfur.[22] XPS 
was conducted to investigate the oxidation state of platinum 
nanoparticles. The analysis revealed a doublet peak consist-
ing of two Gaussian-shaped components (5/2 and 7/2) with 
intensity ratios of approximately 3:4. The value of peak 
separation was approximately ~ 3.3 eV. Platinum 4f elec-
tron spectra are shown in Fig. 2(f). The binding energies of 
Pt 4f7/2 and Pt 4f5/2 were found to be around ~ 71.2 and 
74.4 eV, respectively, which demonstrates the presence of 

Figure 2.   Structural characterizations of Pt@hc-TBtd-COP; (a) Full FT-IR spectra of the TBtd (monomers), hc-TBtd-COP, and Pt@hc-TBtd-
COP. (b) Powder X-ray diffraction pattern of hc-TBtd-COP and Pt@hc-TBtd-COP; (c) C1s XPS peak; (d) N1s XPS peak; (e) S2p XPS peak; 
and (f) Pt4f XPS peak for Pt@hc-TBtd-COP; SEM image of Pt@hc-TBtd-COP and their elemental mapping (g-k, scale bar- 5 μm).
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Pt(0) predominantly in the framework.[24,25] Figure 4(g–k) 
displays the chemical mapping performed under a scanning 
electron microscope (SEM) of the elements C, N, S, and Pt 

which demonstrates the uniform distribution of Pt over the 
organic matrix.

The catalytic activities of Pt@hc-TBtd-COP were tested 
in an O2-presaturated 0.1-M KOH solution. For comparison, 

Figure 3.   (a) CV curve of Pt@hc-TBtd-COP and commercial 20% Pt/C in 0.1-M KOH at a scan rate of 10 mV/s; (b) The LSV curves of 
hc-TBtd-COP, Pt@hc-TBtd-COP, and commercial 20% Pt/C were observed using O2-pre saturated 0.1-M KOH solution at a scan rate 
of 10 mV/s and a rotation rate of 1600 rpm (rotating ring disk electrode). The detected peroxide currents on the ring electrode were also 
recorded in the upper panel at a fixed ring potential of 1.2 V vs. RHE; (c) Plot of H2O2 selectivity and electron transfer number (n) across 
ORR potential sweep; (d) Tafel plots; (e) RDE analysis of ORR kinetics of Pt@hc-TBtd-COP with a scan rate of 10 mV s−1 at 1600 rpm in 
O2-saturated 0.1-M KOH electrolyte (inset: K–L plots at different potentials); and (f) Chronoamperometric stability test for Pt@hc-TBtd-
COP and commercial 20% Pt/C obtained in an O2-saturated 0.1-M KOH (Methanol stability test).

Figure 4.   (a) Comparison of mass activity; (b) specific activity; and (c) catalyst dispersion of Pt@hc-TBtd-COP and commercial Pt/C (20%) 
where potentials are expressed vs. reversible hydrogen electrode.
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20% Pt/C (XC-72R) (Fuel Cell store, USA) was used. The 
Cyclic voltammetry curves of Pt@hc-TBtd-COP and the 
commercial 20% Pt/C catalysts are shown in Fig. 3(a). As 
shown in Fig. 3(a), Pt@hc-TBtd-COP showed a lower ORR 
peak observed at 0.75 V with a 361 μA, whereas commer-
cial Pt/C (20%) showed a ~ 90 mV higher ORR reduction 
peak than that of Pt@hc-TBtd-COP with ORR reduction 
current around ~ 159 μA. At first, the linear sweep voltam-
metry (LSV) was performed at 1600 rpm for both catalysts. 
Figure 3(b) shows the onset potential (Potential to reach 
the current density − 0.1 mA/cm2) and half-wave potential 
(E1/2) of Pt@hc-TBtd-COP was found to be slightly lower 
than commercial Pt/C by 43 mV and 91 mV, respectively. 
Based on the CV and LSV study, it was observed that Pt@
hc-TBtd-COP exhibited ORR activity almost equivalent to 
that of Pt/C (20%). The Pt@hc-TBtd-COP catalyst has dem-
onstrated nearly identical oxygen reduction reaction (ORR) 
activity when compared to a 20% commercial Pt/C catalyst. 
This observation is significant as it addresses the challenge of 
achieving higher current while utilizing a minimal amount of 
platinum (Pt). The limiting current (jL) density was found to 
be higher for Pt@hc-TBtd-COP than that for Pt/C (20%) by 
482 μA which implies that this composite material serves as 
an excellent ORR electrocatalyst with a higher current den-
sity compared to commercial Pt/C (1600 rpm, 10 mV/s). The 
RRDE experiment was conducted to determine the number 
of electrons involved in oxygen reduction and the percentage 
of H2O2 production during O2 electro-reduction in alkaline 
media for both catalysts. Figure 3(c) illustrates the hydrogen 
peroxide yield (HO2

− %) and the number of electrons (n) 
engaged in the Oxygen Reduction Reaction (ORR) plotted 
against ORR potential sweeps. These values were derived 
using disk currents and ring currents. The ring electrode was 
maintained at a constant potential of 1.2 V vs. RHE to moni-
tor the peroxide oxidation current. For both catalysts (Pt@hc-
TBtd-COP and 20% Pt/C), the H2O2 yield was determined to 
be less than 4%. The average number of electrons involved in 
the process was approximately 3.98. The Tafel plot of Pt@hc-
TBtd-COP was also accessed to demonstrate the ORR kinet-
ics which is given in Fig. 3(d). The value of the Tafel slope 
was determined to be approximately 98 mV dec−1, closely 
resembling that of a 20% Platinum catalyst. To explore the 
catalytic activities of the Oxygen Reduction Reaction (ORR) 
under different rotation rates (400, 800, 1200, 1600, and 
2000 rpm), a rotating disk electrode (RDE) experiment was 
conducted. In Fig. 3(e), the current–potential curves exhibit 
a dependence on the rotation rate for all the catalysts. Nota-
bly, the limiting current density increased with the rotation 
speed, suggesting that the ORR catalytic process was pre-
dominantly governed by oxygen diffusion in all instances. 
Koutecky–Levich (K–L) plots were scrutinized at various 
electrode potentials, and the transferred electron number (n) 
was calculated based on the slopes of these plots [see inset 
of Fig. 3(e)]. Pt@hc-TBtd-COP demonstrated an average n 
of approximately 3.97 (at 0.5 V), indicating a 4e- pathway 

during the ORR. This finding aligns with the outcomes of 
previous Rotating Ring-Disk Electrode (RRDE) experiments, 
providing further support for the efficient catalytic perfor-
mance of Pt@hc-TBtd-COP. In the chronoamperometric I–t 
study in Fig. 3(f), it was found that Pt@hc-TBtd-COP has a 
greater stability in current density retention compared to Pt/C 
catalyst at 0.6 V (vs. RHE) in 0.1-M KOH. Additionally, the 
methanol tolerance of Pt@hc-TBtd-COP [inset of Fig. 3(f)] 
was compared with Pt/C to assess its practicality as a meth-
anol-tolerant catalyst.[26] It was observed that upon adding 
1 M of methanol, there was no significant change in current 
density in the case of Pt@hc-TBtd-COP, while Pt/C showed 
a sudden current density drop under similar conditions which 
can be attributed to competitive methanol oxidation. The 
intrinsic ORR activities of Pt@hc-TBtd-COP we estimated 
by its mass activity, specific activity, and dispersion of the 
catalyst. Pt@hc-TBtd-COP has delivered the mass activity 
[Fig. 4(a)] of 0.84 A/mgPt at 0.9 V and 2.64 A/mgPt at 0.85 V 
(vs. RHE), respectively, whereas the MA of commercial Pt/C 
catalyst was found to be 0.16 A/mgPt at 0.9 V and 0.58 A/
mgPt at 0.85 V (vs. RHE). Electrochemically active surface 
area (ECSA) was estimated from the CV of both catalysts 
in Argon-saturated 0.5-M H2SO4 medium (ESI Fig. S(3)). 
The charge (Q) associated with hydrogen desorption (Hupd) 
between 0 and 0.3 V vs. RHE in CVs and assuming 210 μC/
cm2 charge density required to oxidize a monolayer of H2 
from Pt surface, ECSA was calculated.[27–29] The Q can be 
determined by integrating the area of the Hupd region after 
double-layer correction. Then, the ECSA is calculated using 
the following equation:

where QH is the charge for Hupd adsorption, m is the loading 
amount of metal, and qH is the charge (210 μC/cm2) required 
for the adsorption of a monolayer of hydrogen on a Pt surface.

ECSA of Pt@hc-TBtd-COP and commercial Pt/C (20%) 
was found to be 180 m2/gPt and 71 m2/gPt, respectively. Spe-
cific activity was calculated by normalizing the kinetic cur-
rent with ECSA which was found to be 0.467 mA/cm2 for 
Pt@hc-TBtd-COP and 0.225 mA/cm2 for Pt/C at 0.9 V vs. 
RHE [Fig. 4(b)].[30] The surface average dispersion of Pt in 
Pt@hc-TBtd-COP was found to be 0.38; whereas, Pt disper-
sion in Pt/C was found to be 0.25 [Fig. 4(c)].[31]

In conclusion, we have successfully managed to load 
small-sized platinum nanoparticles into a covalent organic 
polymer that is rich in nitrogen and sulfur without any exter-
nal reducing agent. The polymer has pre-designed Wurster-
type redox sites that enable the platinum to grow into smaller 
nanoparticles in a confined environment to give Pt@hc-TBtd-
COP. The resulting Pt@hc-TBtd-COP has shown excellent 
catalytic activity toward alkaline oxygen reduction reaction, 
compared to commercially available Pt catalysts that have 
higher loading. This method has dramatically increased the 

ECSA
Pt,

(

m
2

g
Pt

) =
QH

mPt × qH
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ECSA values and the mass activity of the Pt. The outstanding 
catalytic performance of Pt@hc-TBtd-COP can be attributed 
to the homogeneously distributed smaller Pt nanoparticles 
on the porous surface of hc-TBtd-COP, which provides a 
higher exposure of metal-based catalytic sites for ORR. The 
presence of nitrogen and sulfur creates a charge spin density 
difference, which boosts the binding strength of neighboring 
carbon atoms toward oxygen for an enhanced ORR process. 
This method also dramatically increases the ORR current by 
providing a favorable channel for enhanced gas diffusion and 
electrolyte transfer at the electrode interface. This finding 
not only provides an easy way to generate metal NPs that are 
uniformly distributed in conjugated organic polymer support, 
but it also improves the electrochemical performance for oxy-
gen reduction and demonstrates a strategy to achieve higher 
utilization of catalytic sites for a higher current-to-mass ratio.
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