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Frameworks for the Hydrogen Oxidation Reaction
Ryo Kamai®, Kazuhide Kamiya®, Kazuhito Hashimoto,* and Shuji Nakanishi*

Abstract: Reducing the use of platinum (Pt) on polymer
electrolyte fuel cell anodes is critical for the widespread
dissemination of these energy conversion systems. Although
Pt usage can be minimized by the even dispersion of isolated Pt
atoms, no atomically dispersed Pt catalysts that promote
hydrogen oxidation at a rate required for practical fuel cells
have been reported to date. Covalent triazine frameworks with
atomically dispersed Pt atoms (0.29 wt %) are described and it
is demonstrated that the material has a high electrocatalytic
hydrogen oxidation activity without an overpotential. Impor-
tantly, when the loading amount was increased to 2.8 wt %, the
electrocatalytic hydrogen oxidation activity of the resulting
electrode was comparable to that of commercial carbon
supported 20 wt % Pt catalysts, and the catalytic activity for
oxygen reduction was markedly reduced. Thus, Pt-modified
covalent triazine frameworks selectively catalyze hydrogen
oxidation, even in the presence of dissolved oxygen, which is
critical for limiting cathode degradation during the start-stop
cycles of fuel cells.

P olymer electrolyte fuel cells (PEFCs) that utilize hydrogen
and oxygen as reactants have attracted considerable attention
as environmentally friendly energy conversion systems, as
they can be operated at relatively low temperature (< 100°C)
and generate only water as the reaction product."! Currently,
Pt or its alloys are typically used as the anode catalyst in
PEFC systems.”) However, because Pt is rare and expensive,
reducing the loading amount of Pt on the anode is desirable
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for cost reduction.””! Pt anode catalysts are also active for not
only the hydrogen oxidation reaction (HOR), but also the
oxygen reduction reaction (ORR).>**! This is problematic,
because during the start-up of PEFCs air inevitably flows into
the anode chamber and cathodic ORR proceeds on the Pt
anode catalyst, leading to degradation of the cathode. The
occurrence of ORR on Pt anode catalysts is a serious
limitation of these systems, particularly for their use in
vehicles, which have frequent start-up/shut-down cycles.*”
As aresult of the limitations associated with Pt, improving the
anode catalyst is essential for developing practical PEFC
systems.

Atomically dispersed Pt-based catalyst (termed single-
atom Pt catalyst) is a promising candidate for satisfying the
requirements of PEFC anode catalysts. Because of the single-
atom nature of the material, a high catalytic activity is likely
achievable at lower Pt loading amounts, and additionally,
unique reaction selectivity may be possible, as many types of
reactions can only proceed on Pt ensemble sites." ! Recently,
we reported that covalent triazine frameworks (CTFs) can
serve as a platform for single-atom electrocatalysts."!
Although CTFs are non-conductive, we successfully devel-
oped a CTF-based electrocatalyst by hybridizing CTFs with
conductive carbon particles.""! As CTFs possess abundant
nitrogen atoms with an electron lone pair, various metals can
be loaded onto CTFs by coordination bonds with nitrogen.
Using this approach, we demonstrated that atomic metal-
loaded CTFs exhibit unique reaction activity and
selectivity.[!12]

Herein, we show that a Pt-modified CTF (Pt-CTF) has
higher anodic HOR and lower cathodic ORR electrocatalytic
activity compared to commercial Pt/C because of the
abundance of atomically dispersed forms of Pt. These
electrocatalytic properties suggest that Pt-CTF may be
suitable as a PEFC anode catalyst for practical applications.

Pt-CTF was synthesized by polymerization of 2,6-dicya-
nopyridine in the presence of conductive carbon particles and
subsequent impregnation of Pt in K,[PtCl,] solution (Sup-
porting Information, Experimental Section). Initially, we
conducted physical characterizations of Pt-CTF, which was
loaded with 0.29 and 2.8 wt% Pt. Commercial Pt cluster-
loaded carbon (Pt/C) loaded with either 3.0 or 20 wt % Pt was
used as a comparative reference. The surface compositions of
Pt-CTF, 3.0 wt% Pt/C, and 20 wt% Pt/C, as estimated by
X-ray photoelectron spectroscopy (XPS), BET surface area,
and pore size, are summarized in Table 1. Pt L;-edge extended
X-ray absorption fine structure (EXAFS) analyses were also
conducted (Supporting Information, Figure S1). Importantly,
for the Fourier transformations of k’-weighted EXAFS
oscillations, the peak corresponding to the Pt—Pt bond at
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Table 1: Physical characterization of the Pt-CTF and Pt/C catalysts.

Catalyst Pt Pt C N Sa V,

t
Wt%] [at%] [at%] [at%] [m*g P [em’g ™

0.29 wt % 0.29 0.02 96 0.74 1060 2.72
Pt-CTF
2.8 wt% 2.8 0.19 96 0.73 973 2.55
PL-CTF
3.0wt% 3.0 0.21 93 - 530 1.22
Pt/C
20 wt% 20 1.4 92 - 673 1.29
Pt/C

[a] BET surface area. [b] Total pore volume.

2.6 A was not observed for either as-prepared 0.29 or 2.8 wt %
Pt-CTF. Instead, two peaks at 1.6 and 2.0 A were detected,
which were respectively assigned to Pt—N and Pt—ClI bonds,
indicating that Pt was dispersed in the form of single atoms in
the as-prepared samples. The other examined physical
properties of the Pt-CTF samples (Supporting Information,
Figures S1-S5) were similar to those previously reported for
Pt-CTF loaded with 12 wt% Pt.l'!

Pt-CTF in an Ar-purged HCIO, solution was examined by
cyclic voltammetry (CV; Supporting Information, Figure S6).
The CVs for 3.0 and 20wt% Pt/C catalysts were also
determined as a reference. For the analysis, the amount of
the entire catalyst loaded onto the electrode substrate was
adjusted to approximately 0.050 mgem 2 for all four samples.
In the CVs, reversible peaks corresponding to the formation
and desorption of under-potentially deposited hydrogen
(upd-H) were observed for the Pt/C catalysts in the potential
region of +0.02-40.30 V¥ but not for Pt-CTF. As the
formation of upd-H proceeds at Pt ensemble sites (such as
step, three-fold hollow, and defect sites),“‘” these results
further suggested that most of the Pt exists in an atomically
dispersed form on the as-prepared Pt-CTFs. Additionally, no
significant differences in the current density were observed
between Pt-CTF and the two Pt/C catalysts in the potential
region of 4 0.35-+ 0.40 V, where only charging and discharg-
ing of the electrical double layer occurs,"” indicating that the
electrochemically active surface area does not differ mark-
edly among the four samples.

The electrocatalytic activity of 0.29 wt% Pt-CTF for
HOR was evaluated by conducting linear sweep voltammetry
(LSV) in an HCIO, solution saturated with 1 atm H, (Fig-
ure 1a). The current associated with the HOR started to flow
at 0 V (that is, without an overpotential) and increased with
a positive shift in the potential until reaching a peak at
approximately 0.05 V. CTF without Pt did not generate
a Faradaic current (Figure 1a), indicating that the Pt loaded
on CTF served as the HOR electrocatalyst. At a loading
amount of 0.29 wt %, the possibility of Pt aggregate formation
can be excluded.®™ Consistent with this speculation, no Pt
aggregates were detected in the Fourier transformations of k*-
weighted EXAFS oscillations (Figure 2a) or by high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM; Figure 2b), even after the LSV experi-
ments. Taken together, these results clearly indicated that the
HOR proceeds on single Pt atoms in Pt-CTF and requires
almost no activation energy.
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Figure 1. a) Polarization curves of 0.29 wt% Pt-CTF and CTF for the
HOR (scan rate 5 mVs™', rotational rate 2500 rpm). b) Polarization
curves of 0.29 wt% Pt-CTF and CTF for the ORR (scan rate 5 mVs™',
rotational rate 1600 rpm). Key: 0.29 wt% Pt-CTF (=——); CTF without
Pt (-----). Conditions: the electrolyte (0.1 m HCIO,) was saturated with

1 atm O, at 25°C.
0.29 wt% Pt-CTF
after LSV
0.29 wt% Pt-CTF
before LSV
Pt(bpy)Cl,
Pt metal

o)
~"
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Figure 2. a) Fourier transformations of k’-weighted Pt L;-edge EXAFS
oscillations and b) the corresponding HAADF-STEM image taken after
the LSV measurement shown in Figure 1a. Pt(bpy)Cl,: dichloro(2,2'-
bipyridine)platinum(ll).

Subsequently, we investigated the electrocatalytic ORR
activity of 0.29 wt % Pt-CTF. Figure 1b shows the voltammo-
grams of 0.29 wt% Pt-CTF and CTF in an HCIO, solution
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saturated with 1 atm O,. As the LSV trace of these two
materials was similar, the ORR observed in the LSV analysis
(Figure 1b) was confirmed to be catalyzed by the CTF
substrate, demonstrating that the catalytic ORR activity of
the Pt atoms on CTF was very low.

From these findings, it was revealed that the 0.29 wt %
Pt-CTF had high and low catalytic activity for the HOR and
ORR, respectively, a property that is advantageous for PEFC
anode catalysts. However, as the loading amount was only
0.29 wt %, only a low current density was achieved for the
HOR. Therefore, we prepared Pt-CTF with 2.8 wt% Pt and
further examined the function of Pt-CTF as a PEFC-anode
catalyst.

Similar to 029 wt% Pt-CTF, HOR current was first
detected at 0V (Figure 3a). The electrochemical perfor-
mance of 2.8 wt% Pt-CTF was nearly identical to that of
20 wt % Pt/C (Figure 3a). However, 3.0 wt % Pt/C, generated
a much lower HOR current than that of 2.8 wt% Pt-CTF
(Figure 3a).

The HOR and hydrogen evolution reaction (HER)
proceed on Pt via an identical reaction intermediate, and
hence, these reactions are mutually reversible.'*!” Therefore,
Pt-CTF was expected to exhibit superior electrocatalytic
activity even for the HER. To examine this assumption, LSVs
for Pt-CTF, 3.0 wt % Pt/C, and 20 wt % Pt/C were measured in
the potential range of 0 to —0.25 V, which corresponds to the
range in which the HER proceeds (Figure S7). Similar to the
HOR activity, the electrocatalytic HER activity of Pt-CTF
was nearly identical to that of 20 wt % Pt/C, as expected.

In Fourier transformations of k’-weighted EXAFS
oscillations obtained after conducting the LSV experiments
(Figure 3a), a small peak corresponding to a Pt—Pt bond was
observed at 2.6 A (Supporting Information, Figure S8),
indicating the presence of aggregated Pt. However, reversible
peaks corresponding to the formation and desorption of
upd-H were not detectable (Supporting Information, Fig-
ure S9). These results indicate that, although some Pt formed
aggregates, most Pt in 2.8 wt % Pt-CTF existed in an atomi-
cally dispersed form, even after the LSV analysis. It should be
noted here that PEFCs are typically constructed with
20-50 wt % Pt/C as the anode catalyst.*!8! Thus, the finding
that 2.8 wt % Pt-CTF exhibits similar performance compared
to 20 wt % Pt/C, owing to the efficient utilization of Pt atoms,
is of high practical importance.

The electrocatalytic ORR activity of 2.8 wt % Pt-CTF was
also investigated using a rotating ring-disc electrode (RRDE)
technique (Figure 3c). Compared with 0.29 wt% Pt-CTF
(Figure 1b), 2.8 wt % Pt-CTF exhibited higher ORR activity,
a property that was likely due to the presence of Pt
aggregates. However, the electrocatalytic ORR activity of
2.8 wt % Pt-CTF was markedly lower (Figure 3¢) than that of
commercial 20 wt% Pt/C (Figure 3¢). Particularly in the
potential region more positive than +0.6 V (E>+0.6 V),
which is critical for the start-up/shut-down operation of
PEFCs,”! the ORR current for Pt-CTF was less than 23 % of
that generated by 20 wt % Pt/C. The lower ORR activity of
the electrode prepared with 2.8 wt % Pt-CTF is attributed to
the fact that only the 2 e~ pathway for generating hydrogen
peroxide (H,0,) can proceed on a single Pt atom.*!"!!
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Figure 3. a) Polarization curves of 2.8 wt% Pt-CTF, 20 wt% Pt/C, and
3.0 wt% Pt/C for the HOR (scan rate 1 mVs™', rotational rate

2500 rpm). b) H,O, oxidation currents recorded at 1.2 V vs. RHE on
a ring electrode during the ORR on disc electrodes with the catalysts
20 wt% Pt/C and 2.8 wt% Pt-CTF. The currents were corrected by the
collection efficiency of 0.424. c) Corresponding polarization curves for
the ORR (conditions: sweep rate 10 mVs ™', rotational rate 1600 rpm,
0.1M HCIO,, 25°C). Key: 2.8 wt9% Pt-CTF (#); 20 wt% Pt/C (~);

3.0 wt% Pt/C (A).

Notably, the ring current, which corresponds to the gener-
ation of H,0O, as an ORR intermediate, did not significantly
differ between the two catalysts at E >+ 0.6 V (Figure 3b).
This property is critical for the long-term operation of PEFCs,
as H,0O, can degrade PEFC components, such as membranes
and catalyst binders.’”! Meanwhile, even in E <+ 0.6V, the
generation rate of H,O, on Pt-CTF was comparable to that of
Pt/C, indicating that most of the H,O, generated on the single
Pt atoms can be further reduced to water on the Pt clusters.

The HOR and ORR catalytic activities of the prepared
electrodes were further investigated by chronoamperometry
at +0.6 V (Figure 4). For the experiments, the input gas was
switched from pure hydrogen to a mixed gas of hydrogen and
oxygen (H,:0,=1:1) at 600 s. For 20 wt % Pt/C, the current
changed from positive to negative when the input gas was
altered. This change in the polarity likely occurred because
the larger cathodic ORR current overlapped with the anodic
HOR when oxygen was introduced into the system. In
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Figure 4. Chronoamperometric curves obtained in 0.1m HCIO, at
+0.6V vs. RHE for 20 wt% Pt/C ( ), 2.8 wt% Pt-CTF
(——a—), 3.0 wt % Pt/C (——A—), and 0.29 wt% Pt-CTF
(——e—). Rotational rate: 2500 rpm. The input gas was altered at
600 s (L ) from pure H, to a mixed gas consisting of H, and O,
(H,:0,=1:1)

contrast, only a small decrease in current density was
observed for 2.8 wt % Pt-CTF in the presence of the mixed
gas. Importantly, such a clear decrease in the anodic current
was not observed for 0.29 wt% Pt-CTF, which is predom-
inantly comprised of only atomically dispersed Pt. Taken
together, these results demonstrate that the electrode pre-
pared with 2.8 wt % Pt-CTF selectively catalyzed the HOR,
even in the presence of oxygen, and that this property was
attributable to the high abundance of single Pt atoms on the
catalytic substrate.

Finally, we evaluated the efficacy of 2.8 wt% Pt-CTF
functioning as a PEFC anode catalyst. A membrane electrode
assembly (MEA) was fabricated with 2.8 wt% Pt-CTF
(0.020 +0.001 mgp,cm™2) and 47 wt% Pt/C (0.50+0.01
mgpcm ?) as the anode and cathode catalysts, respectively,
and the performance of a PEFC (PEFCs,,,) equipped with the
MEA was then evaluated (Supporting Information, Exper-
imental Section). A PEFC (PEFCg,) equipped with 20 wt %
Pt/C (0.10£0.01 mgpcm %) as the anode catalyst was also
fabricated as a reference sample. Note that MEA anodes and
cathodes are typically loaded with 0.1-0.4 mg p,cm 2 and 0.3-
0.5 mgp.cm 2, respectively.*'s! Figure 5 shows the current
density (j) versus voltage (V), and j versus power density
relationships for PEFCs,, and PEFCg.. The open circuit
voltage of PEFCg,,, (0.95 V) was 0.06 V smaller than that of
PEFCg,. Additionally, the power density of PEFCs,,,, was also
smaller than that of PEFCg,; when j< 0.8 Acm 2 but was
larger when j>0.8 Acm™. The maximum power density of
PEFCg,, was determined to be 487 mWcm ™2 at 1.2 Acm 2,
a value that was nearly identical to that of PEFCg
(462 mW cm 2 at 1.0 A cm?), which contained approximately
five times more Pt anode catalyst. In combination, these
results demonstrate that Pt-CTF has the potential to function
as a cost-effective and efficient anode catalyst, as the amount
of Pt required for catalytic activity is drastically lower than
that of conventional Pt/C catalysts.

The electrode prepared with 2.8 wt % Pt-CTF exhibited
superior electrocatalytic HOR activity compared to Pt/C
(Figure 3a). The number of electrochemically active Pt atoms
on Pt/C can be calculated from the electrical charge for the
adsorption of upd-H in the CV, and was estimated to be
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Figure 5. Fuel cell performance of MEAs. j—V curves (solid line) and
J-power density curves (dashed line) for MEAs prepared using 2.8 wt %
Pt-CTF or 20 wt% Pt/C as the anode catalyst. Both cathodes were
loaded with 0.50£0.01 mgp,cm ™2 Key: 20 wt% Pt/C anode (loaded
with 0.10£0.01T mgpcm™?; ( )); 2.8 wt% Pt-CTF anode
(loaded with 0.0240.001 mg.p.cm~?; (——o—)). The data were
collected at 80°C and 100% relative humidity using H,/O, as the
reactants.

3.7x 10" cm™ for 20 wt % Pt/C. On the other hand, the total
number of Pt atoms on 2.8 wt % Pt-CTF can be evaluated to
be 4.3 x 10" cm ™ (Supporting Information, Note 1). Because
a proportion of the Pt atoms on Pt-CTF were likely not
exposed to the electrolyte and were therefore electrochemi-
cally inactive, the HOR activity per Pt atom on Pt-CTF was
concluded to be equal to or more than that on Pt/C. The HOR
can proceed by two different mechanisms on Pt: 1) the
Heyrovsky—Volmer mechanism, by end-on adsorption of
hydrogen molecules and, 2) the Tafel-Volmer mechanism,
by bridge-type adsorption.'®! The dissociative adsorption of
hydrogen molecules by bridge-type adsorption, which is the
rate-determining step for HOR, is able to occur on single Pt
atoms.”! As comparable HOR activities were observed here
between Pt-CTF and commercial 20 wt % Pt/C, we speculate
that both mechanisms proceed on single Pt atoms.

Bulk Pt electrodes modified with a self-assembled
patterned monolayer of calix[4]arene molecules were pre-
viously shown to have oxygen tolerance.”) The adsorbed
calix[4]arene molecules selectively blocked the ORR,
whereas the HOR was able to proceed without suppression.
The selectivity for these reactions is determined by the
number of available Pt sites, with the HOR requiring
significantly fewer sites compared to the ORR. Herein,
reaction selectivity was achieved by loading Pt in an atomi-
cally dispersed form, thereby decreasing the total ORR
activity without interfering with the HOR pathways. Using
this novel strategy, we successfully obtained an oxygen-
tolerant HOR anode loaded with a significantly reduced
amount of Pt compared to conventional anodes and which
may have practical application in PEFCs.

In conclusion, we demonstrated that 0.29 wt % Pt-CTF
has superior electrocatalytic HOR activity without the
requirement for an overpotential. Notably, Pt-CTF also
exhibited high oxygen tolerance, which was attributed to the
dispersion of single Pt atoms throughout the CTF substrate.
Moreover, when the loading amount of Pt was increased to
2.8 wt%, the resulting electrode showed electrocatalytic
HOR activity comparable to commercial 20 wt% Pt/C,
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a property that is of high practical importance for protecting
PEFC cathodes from degradation during start-up/shut-down
cycles. Furthermore, because the ORR catalytic activity of
2.8 wt % Pt-CTF was low due to the abundance of atomically
dispersed Pt, the PEFC cathode would be protected from
corrosive degradation. As various types of covalent organic
frameworks other than CTF are available, and because metals
other than Pt can be doped into such frameworks, we
anticipate that the synthesis strategy reported here can be
used to construct novel electrocatalytic materials with both
high activity and selectivity.
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