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. _ . 1. Introduction
Single-atom catalysts (SACs) have attracted significant attention due to

their superior catalytic activity and selectivity. However, the nature of active Single-atom catalysts (SACs) with maxi-
sites of SACs under realistic reaction conditions is ambiguous. In this work, mized atom utilization efficiency have
high loading Pt single atoms on graphitic carbon nitride (g-C;N,)-derived attracted significant attention due to their

. . . high catalytic activity and selectivity."?!
N-doped carbon nanosheets (Pt;/NCNS) is achieved through atomic layer These catalysts have been applied to CO

deposition. Operando X-ray absorption spectroscopy (XAS) is performed oxidation,3¥ hydrogenation,’ dehydro-
on Pt single atoms and nanoparticles (NPs) in both the hydrogen evolution genation,®/ and other electrochemical
reaction (HER) and oxygen reduction reaction (ORR). The operando results reactions.® Significant effort has been
indicate that the total unoccupied density of states of Pt 5d orbitals of Pt; devoted to obtaining a thorough under-

standing of SACs through unique char-
acterization techniques and theoretical
calculations.[V10-12]

atoms is higher than that of Pt NPs under HER condition, and that a stable
Pt oxide is formed during ORR on Pt;/NCNS, which may suppress the

adsorption and activation of O,. This work unveils the nature of Pt single Among the different types of SACs,
atoms under realistic HER and ORR conditions, providing a deeper under- Pt has been studied extensively for elec-
standing for designing advanced SACs. trochemical ~ reactions, especially ~the

hydrogen evolution reaction (HER) and
oxygen reduction reaction (ORR) in acidic
media.l%B3-1%] For example, Liu et al
reported that the Pt single atoms on onion-
like nanospheres of carbon (Pt;/OLC) showed improved cata-
lytic activity in HER compared to Pt;/graphene and commercial
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Pt single atoms supported on black porous carbon showed supe-
rior catalytic activity and stability for 4~ ORR in acidic solution.
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plated carbon (Pt/HSC) have high selectivity to the catalyze 2e~
ORR path and generate up to 96% hydroperoxide.l'®l Although
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behavior of the catalysts due to the limitations of ex-situ charac-
terization. This has resulted in certain ambiguities surrounding
the unique properties of Pt SACs and their potential application.

University of Western Ontario Currently, the observation of SACs catalysts under realistic
London, Ontario N6A 5B7, Canada reaction conditions is rare.”!% In-situ characterization tech-

niques, especially operando X-ray absorption spectroscopy
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electronic and local environment of these structures to unveil
the nature of the active sites.®23 Cao et al. successfully
achieved atomically dispersed Fe;(OH), on Pt nanoparticles
(NPs), which showed 30 times higher mass activity than that
of conventional catalysts and 100% CO selectivity over a wide
temperature window for the preferential oxidation of CO in
hydrogen. The in-situ XAS results showed the selective depo-
sition of iron hydroxide on the surface of Pt NPs. The results
illustrated that the interface of Fe;(OH),/Pt can easily react
with CO and facilitate oxygen activation.’! In addition, Cao
and co-workers used operando XAS to study the formation of
a high-valence HO-Co;-N, moiety and successfully illustrated
the formation of the reaction intermediate H,O-(HO-Co-N,).
Theoretical calculation results further confirmed that the highly
oxidized and reconstructed Co; single atoms decreased the
energy barrier for water dissociation, thus leading to the high
catalytic performance of HER in alkaline media.? Conducting
operando XAS measurements can be difficult on SACs because
of their low loading and poor stability in some reactions. These
factors increase the difficulty in probing the local electronic and
atomic structure of atoms engaged in the reaction, resulting in
inaccurate and low-quality data.l’l Although the in-situ/oper-
ando XAS measurements have been operated on SACs, the syn-
thesis methods and types of support are not unified to achieve
SACs, even the same metal element, thus could lead to ambig-
uous conclusions due to the methodology and support effects.

In this work, we reported that high loading Pt single atoms
(2.0 wt%) on graphitic carbon nitride (g-C3N,) derived N-doped
carbon nanosheets (NCNS) has been achieved by atomic layer
deposition (ALD). Operando XAS were studied on Pt single
atoms and NPs for both HER and ORR to gain a deeper under-
standing of this system. The operando results indicate that the
total unoccupied density of states of Pt 5d orbitals of Pt; atoms
is higher than that of Pt NPs under HER condition, which
could be responsible for the high activity. And a stable Pt oxide
is formed during ORR on Pt;/NCNS, which may suppress the
adsorption and activation of O,.

2. Results and Discussion

As shown in the Figure 1a, the NCNS were derived from g-C3N,,
then carbonized with glucose by a hydrothermal method.?! The
Pt;/NCNS was achieved after performing one cycle of Pt ALD on
the as-prepared NCNS, using trimethyl(methylcyclopentadienyl)-
platinum (IV) (MeCpPtMe;) and O, as precursors. Higher depo-
sition temperature (250 °C) and two cycles of Pt ALD were used
to synthesize Pt NPs. Of note is that the presence of a small
proportion of single atoms is hard to be avoided, therefore, we
denoted the achieved Pt NPs as Pt-single atoms and NPs (SNs)/
NCNS which represent the co-existence of Pt single atoms and
NPs. The loadings of Pt on Pt;/NCNS and Pt-SNs/NCNS were
2.0 and 75 wt%, respectively, calculated from inductively cou-
pled plasma optical emission spectrometer (ICP-OES) results.
High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) showed a uniform dispersion
of Pt; atoms on the NCNS, without the presence of any visible
NPs/clusters at both low- and high-magnifications (Figures 1b,
1c and Figure S1, Supporting Information). In the Pt-SNs/NCNS
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sample, the size of the NPs was measured to be =1.6 + 0.2 nm
(Figures 1d, 1e and Figure S2, Supporting Information). X-ray
diffraction patterns as shown in Figure S3, Supporting Infor-
mation, present different diffraction patterns between g-C;N,
and NCNS, implying the decomposition of g-C;N, and forma-
tion of NCNS through pyrolysis.l”) However, no obvious Pt
diffraction peaks can be found in the patterns, which can be
attributed to the small size of Pt.1%l To have better control over
the deposition of high loading Pt SACs using ALD, it is nec-
essary to identify and determine the effect of the controlling
parameters in the synthesis process. Studies have shown that
nitrogen defect sites in graphitic carbon play an important role
in the deposition of Pt using ALD.”’) NCNS with different pro-
portions of N were prepared by controlling the hydrothermal
temperatures. Interestingly, we found the Pt loadings achieved
on the NCNS through ALD were highly dependent on the con-
tent of N in the NCNS, in which the loadings of Pt were 2.0,
0.7, and 0.5 wt% on the NCNS with 9.5, 8.0, and 5.4 at% N,
respectively (Figure S4, Supporting Information). This solid evi-
dence confirms the loadings of Pt are related to the N content
and suggests that the Pt; atoms could bond with the N atoms
through strong interactions.

Ex-situ XAS was carried out to characterize the electronic and
structural properties of both Pt;/NCNS and Pt-SNs/NCNS. It
has been reported that the area under the whiteline (WL) peak in
the Pt L3 X-ray absorption near edge structure (XANES) spectra
is directly related to the density of unoccupied Pt 5d orbitals.!?®!
As shown in Figure 2a, the Pt;/NCNS exhibited a much higher
WL peak intensity than Pt-SNs/NCNS, indicating a higher
fraction of unoccupied states in the 5d orbitals. Such a high oxi-
dation state of Pt on Pt;/NCNS indicates that the strong interac-
tion between Pt single atoms and the substrate.”) The extended
X-ray absorption fine structure (EXAFS) spectra are shown in
Figure 2b. Both the Pt;/NCNS and Pt-SNs/NCNS have a peak
between 1.0 and 2.0 A region in the radial distribution (Fourier
Transform of the EXAFS, without phase correction), which can
be attributed to the coordination of Pt-C/N/O. Another signifi-
cant peak on Pt-SNs/NCNS can be found at 2.36 A, which is
the Pt-Pt coordination based on the Pt foil EXAFS result. No
obvious Pt-Pt coordination can be found on Pt;/NCNS, implying
the atomically dispersed nature of the Pt single atoms. This
observation is also consistent with the simple oscillation in the
XANES region since the backscattering amplitude of the low
atomic number of elements is linear in k space at the low k
region, while the Pt back-scattering amplitude in k space is more
complex and produces oscillation in the low k and mid k region
(Figure 2a). Based on the EXAFS fitting results, the Pt; atom is
likely bonded with approximately three or four C/N atoms at the
ex-situ condition (Table S1, Supporting Information).

X-ray photoelectron spectroscopy (XPS) measurements were
also carried out to investigate the valence state of the surface Pt.
As shown in Figures 2c and 2d, the Pt 4f;; binding energy peak
on Pt;/NCNS located at 73.2 eV is higher than that of Pt-SNs/
NCNS (72.6 eV). Deconvolution of the XPS spectra showed that
there are 60% Pt** and 40% metallic state Pt, confirming the
formation of NPs.*”) However, a very symmetrical shape of
spectrum was observed on Pt;/NCNS (Figure 2c), which indi-
cated that the Pt?" species, suggesting positively charged Pt
single atoms due to coordination with N or O atoms.3% This
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Figure 1. a) lllustration for the synthesis of Pt;/NCNS. Representative aberration-corrected HAADF-STEM images of b,c) Pt;/NCNS and d,e) Pt-SNs/
NCNS. The black, blue, and orange spheres represent the C, N, and Pt atoms.

observation in XPS is in line with the ex-situ XANES results
(Figure 2a). The lack of a metallic state Pt on Pt;/NCNS also
confirms the atomically dispersed structure of Pt single atoms.

The catalytic performance of Pt;/NCNS and Pt-SNs/NCNS
was characterized under HER and ORR conditions. As shown
in Figure 3a, cyclic voltammograms were recorded in 0.5 M
H,SO,, which shows the hydrogen underpotential deposition
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region, the double layer potential region, and the oxide forma-
tion potential region on the Pt-SNs/NCNS. However, only the
double layer can be found on the Pt;/NCNS, indicating that the
lack of crystallized Pt NPs. As seen in Figure 3b, in HER, the
Pt;/NCNS displays a similar activity as Pt-NPs/NCNCS with
a much lower amount of Pt content. Further, calculated mass
activity at the overpotential of 0.05 V—the Pt;/NCNS showed a
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Figure 2. a) Ex-situ XANES and b) corresponding k3-weighted Fourier transform EXAFS spectra (No phase correction) spectra of Pt;/NCNS and Pt-SNs/
NCNS as well as the reference samples of Pt foil and PtO, at the Pt Ls-edge. c) XPS spectra of Pt;/NCNS and d) Pt-SNs/NCNS in the Pt 4f region.

71 A mg'p mass activity—is more than 4 times greater than
that of the Pt-SNs/NCNS catalyst (1.6 A mg™) (Figure S5, Sup-
porting Information), which is among the highest reported
activity for Pt SACs in HER.®3132 The catalytic activity of Pt/C
is lower than that of Pt-SNs/NCNS (Figure 3b and Figure S5a,
Supporting Information), which could because of the relatively
larger size of Pt NPs on Pt/C. Based on the EXAFS results, the
Pt; atom is likely bonded with approximately three or four C/N
atoms (Table S1, Supporting Information). According to the ref-
erence, the hydrogen-adsorption free energies (AGys) on Pt;-
C,N, (x +y=4or 3) are far away from zero, except that the Pt;-
C,N, site and the two N atoms are in cross position, implying
that the Pt;-C,N, should exhibit high catalytic activity in HER.[3]
Further analysis of the WL area of Pt;/NCNS indicated that the
Pt; atom could bond with two N atoms (Figure S6, Supporting
Information).?¥ Taken together, the most possible configura-
tion of Pt;/NCNS could be Pt;-C,N, and the two N atoms are
in cross position. The long-term stability tests of Pt;/NCNS
were carried out by applying a cyclic potential sweep between
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—0.1to0 0.4 V for HER. Pt;/NCNS shows ultra-stable activity even
after 8000 cycles (Figure 3c), without showing obvious activity
decline. However, in contrast with the results in HER, we found
that the Pt-SNs/NCNS shows much better catalytic activity than
Pt;/NCNS in ORR (Figure 3d). The Pt-SNs/NCNS exhibits the
onset potential (at 0.1 mA cm™?) at 1.02 V which is much higher
than that of Pt;/NCNS (0.71 V) (Figure S5, Supporting Informa-
tion). The catalytic activities of Pt/C ORR is very close to that
of Pt-SNs/NCNS (Figures 3d and Figure S5b, Supporting Infor-
mation), indicating that the Pt NPs are dominantly on Pt-SNs/
NCNS. The durability test under ORR reaction was also per-
formed on Pt;/NCNS at a cyclic potential sweep between 0.6 and
1.1 V at O, saturated 0.5 m H,SO, for 5000 cycles. As shown
in Figure 3e, the Pt;/NCNS exhibits a good stability, without
showing obvious decreased activity. A comparison of XANES
(Figure S7, Supporting Information) and EXAFS (Figure 3f)
spectra of the pristine and cycled Pt;/NCNS in HER and ORR
further demonstrate the high stability of Pt;/NCNS. Moreover,
the EXAFS fitting (Figure S8 and Tables S1 and S2, Supporting

© 2021 Wiley-VCH GmbH
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Figure 3. a) Cyclic voltammograms on Pt;/NCNS, Pt-SNs/NCNS, and Pt/C catalysts. b) Polarization curves of Pt;/NCNS, Pt-SNs/NCNS, and Pt/C
in HER and c) the durability measurement on Pt;/NCNS. d) Polarization curves of Pt;/NCNS, Pt-SNs/NCNS, and Pt/C in ORR and e) the durability
measurement on Pt;/NCNS. f) EXAFS results of Pt;/NCNS after durability tests.

Information), EDS-mapping, and HAADEF-STEM (Figures S9
and S10, Supporting Information) results again confirm that the
Pt;/NCNS is stable under HER and ORR.

In order to reveal the nature of the active sites for both Pt;/
NCNS and Pt-SNs/NCNS in both HER and ORR as it hap-
pens, a custom-built electrochemical cell was used to perform
an operando XAS. The Pt catalysts are coated on carbon paper
as the working electrode (Figure S11, Supporting Informa-
tion). The XAS spectrum was first taken at open circuit voltage
(OCV). During the operando XAS measurements, the potential
on the working electrode was decreased from 0.05 to —0.05 V
versus RHE and 1.10 to 0.40 V versus RHE for HER and ORR,
respectively.
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In HER, with the applied potentials, the WL intensity of
Pt;/NCNS slightly decreases from OCV to —0.05 V (Figure 4a),
while a larger decline on Pt-SNs/NCNS is observed (Figure 4c),
indicating a lesser degree of changes in the total unoccupied
density of states of Pt 5d orbitals on Pt;/NCNS. Figure S12,
Supporting Information, presents the k3-weighted Pt L;-edge
EXAFS spectra and the Fourier transform magnitudes of Pt;/
NCNS and Pt-SNs/NCNS (Figures 4b and 4d). As shown in
Figure 4b, no obvious Pt-Pt coordination can be observed in
all the Pt;/NCNS operando EXAFS spectra, indicating that the
Pt atoms were still singly dispersed under HER reaction. The
main peak is found at 1.56 A under OCV and 0.05 V, which
is similar to the spectra collected in the ex-situ conditions, can

© 2021 Wiley-VCH GmbH
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Figure 4. Operando XANES and EXAFS spectra at Pt L; edge for a,b) Pt;/NCNS and c,d) Pt-SNs/NCNS at different applied voltages from open circuit
condition to —0.05 V during electrocatalytic HER. Operando XANES and EXAFS spectra at Pt L; edge for e,f) Pt;/NCNS and g,h) Pt-SNs/NCNS at dif-
ferent applied voltages from open circuit condition to 0.40 V during electrocatalytic ORR. Inset, zoom in area of WL region in dotted box. i) Coordination
number of Pt;/NCNS and Pt-SNs/NCNS under HER and ORR after quantitative EXAFS analysis.

be related to the coordination of Pt-C/N/O. When the potential
decreased to —0.05 V, it shifts to 1.67 A. This enlarged bonding
distance (Table S1, Supporting Information) could be either due
to the applied electric field or the adsorbed H* at the working
potential, which causes the relaxation of the local structure of
Pt; atoms. However, Pt-SNs/NCNS shows a distinct decrease
of Pt-C/N/O coordination in the operando EXAFS results
(Figure 4d). The Pt-Pt coordination increases on the Pt-SNs/
NCNS when the potential was changed from OCV to —0.05 V,
which indicates the reduction of the Pt oxide on Pt NPs.

After bubbling O, into the electrolyte for ORR, the position
of WL peak on Pt;/NCNS shifts to a higher energy (11 568.7 eV)
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(Figure 4e) compared with the corresponding XANES results in
HER (Figure 4a), which can be due to the adsorption of O, on
Pt;/NCNS thus leading to a highly oxidized Pt species. With the
applied potential decreased from 1.10 to 0.40 V, the intensities of
the WL peak are almost unchanged on Pt;/NCNS (Figure 4e).
After Fourier transform (Figure S13, Supporting Information),
the k3-weighted Pt L;-edge EXAFS spectra of Pt;/NCNS under
ORR also show unconspicuous changes of the Pt-C/N/O coordi-
nation under ORR working conditions (Figure 4f). In contrast, as
shown in Figure 4g, clearly the WL peak intensity decrease can
be found on Pt-SNs/NCNS from 1.10 to 0.40 V. We also notice
a gradually decreased Pt-C/N/O coordination but increased

© 2021 Wiley-VCH GmbH
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Pt-Pt coordination from 1.10 to 0.40 V in the radial distribution
(Figure 4h). Thus, the observation of XANES and EXAFS on
Pt-SNs/NCNS in ORR indicates the reduction of Pt oxide.?’!

In order to quantify the results, EXAFS curve-fittings were fur-
ther performed (Figures S14-S17, Supporting Information) and
the coordination number of Pt-C/N/O and Pt-Pt are shown in
Figure 4i. Let us first focus on the HER; we find that the coordi-
nation number of Pt-C/N/O decreases from 4.31 to 3.60 on Pt;/
NCNS when the applied potential changed from OCV to —0.05 V
(Table S1, Supporting Information), which can be ascribed to the
desorption of H,0.24 However, we found that the Pt-C/N/O coor-
dination number decreases from 2.29 to 1.15 and this is accompa-
nied by an increase in Pt-Pt coordination from 2.78 to 4.36 on the
Pt-SNs/NCNS with the potential changed from OCV to —0.05 V.
The trend of the coordination number of Pt-O and Pt-Pt indi-
cates that the O/OH displacement occurred between the surface
and bulk of Pt NPs.”*l A comparison of Pt;/NCNS and Pt-SNs/
NCNS in terms of operando XANES results at —0.05 V is also
shown in Figure S18, Supporting Information, regarding the cat-
alytic activity differences in HER at this potential. A much higher
WL intensity still can be found on the Pt;/NCNS compared with
Pt-SNs/NCNS even at the highly reduced condition in HER. This
higher WL intensity indicates a higher total unoccupied density
of states of Pt 5d orbitals in Pt;/NCNS, which could be respon-
sible for the highly catalytic activity.** In ORR, the Pt-C/N/O
coordination number on Pt;/NCNS increases from 3.55 to 4.46
from the ex-situ to OCV and remains almost constant from 1.10
to 0.40 V. Because of the tied structure that Pt; atom bonds with
four C/N atoms have, it is unlikely to be possible to form the fifth
Pt-C/N bond. Therefore, the increased total coordination number
of Pt-C/N/O on Pt;/NCNS could be attributed to the adsorbed O,
and generate the additional Pt-O path. Moreover, the total coordi-
nation numbers remain almost constant at 1.1 (4.35), 0.9 (4.55),
and 0.4 V (4.43), indicating that the O, throughout adsorbs on
Pt; atoms and form the stable PtO, species (Table S2, Supporting
Information). However, the Pt-C/N/O coordination number
decreases from 2.28 to 1.72 and the Pt-Pt coordination number
increases from 2.97 to 4.39 on the Pt-SNs/NCNS from 1.10 to
0.40 V. This observation on Pt-SNs/NCNS is entirely consistent
with previous observations.'>3! A previous work indicated that
the O, only physically adsorbs on the oxidized Pt sites, which is
very difficult for the O, activation.) Based on our operando XAS
results, the formation of stable Pt oxide species on Pt;/NCNS
may further decrease the possibility for O, adsorption and activa-
tion under ORR, which leads to their unsatisfied activity in ORR.
However, the reduced surface of Pt NPs in Pt-SNs/NCNS could
facilitate this process resulting in a higher activity of Pt-SNs/
NCNS in ORR.

We further carried out the WL analysis to understand the
changes of oxidation states of Pt on both Pt;/NCNS and Pt-SN/
NCNS under HER and ORR. As shown in Figure S19a—c, Sup-
porting Information, when the potential applied at 0.05 V, the
oxidation states decrease can be observed on both Pt;/NCNS
and Pt-SNs/NCNS compared with their ex-situ results in HER.
However, we also found such decreasing on Pt-SNs/NCNS
when the applied potential becomes more negative (—0.05 V),
indicating that the further O/OH displacement occurred
between the surface and bulk of Pt NPs, while the oxidation
states of Pt on Pt;/NCNS keep almost constant at these two
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conditions. The higher total unoccupied density of states and
atomic utilization efficiency Pt in Pt;/NCNS contribute to its
high catalytic activity in HER.

Under ORR conditions, we noticed that both the Pt;/NCNS
and Pt-SNs/NCNS show increased oxidation states from +2.40
to +2.42 and +1.23 to +1.42, respectively, from the ex-situ to
11 V (Figure S19d-f, Supporting Information). When the
applied potentials negatively shift to 0.4 V, the oxidation states
of Pt on Pt-SNs/NCNS decrease from +1.42 to +0.94, indicating
the consumption of PtO, on Pt NPs. However, with the same
applied overpotential, the oxidation states of Pt on Pt;/NCNS
only decrease from +2.42 to +2.37, which is close to its ex-situ
result (+2.40). The EXAFS fitting results (Table S2, Supporting
Information) further indicated that additional Pt-C/N/O coor-
dination occurs on Pt;/NCNS under the ORR condition. This
observation unambiguously indicated that the stable PtO, spe-
cies is formed on Pt;/NCNS, which could suppress the activa-
tion of O, thus leading to the relatively lower catalytic activity of
Pt;/NCNS in ORR.

3. Conclusion

In conclusion, we have successfully achieved a high loading
Pt;/NCNS SAC through ALD. The HAADF-STEM, XAS, and
XPS demonstrated the presence of singly dispersed Pt; atoms.
The operando XAS results indicated that the total unoccupied
density of states of Pt 5d orbitals of Pt; atoms is higher than
that of Pt NPs in HER, while a stable Pt oxide is formed during
ORR on Pt;/NCNS which may suppress the adsorption and
activation of O,. This work provides new insight into Pt SACs
and unveils the nature of Pt single atoms under realistic HER
and ORR conditions, which improves understanding for the
synthesis of advanced SACs.

4. Experimental Section

See the details in the Supporting information.
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