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Constructing atomically dispersed platinum (Pt) electrocatalysts is essential to build high-performance and cost-
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effective electrochemical water-splitting systems. We present a novel strategy to realize the traction and sta-
bilization of isolated Pt atoms in the nitrogen-containing porous carbon matrix (Pt@PCM). In comparison with
the commercial Pt/C catalyst (20 weight %), the as-prepared Pt@PCM catalyst exhibits significantly boosted
mass activity (up to 25 times) for hydrogen evolution reaction. Results of extended x-ray absorption fine struc-
ture investigation and density functional theory calculation suggest that the active sites are associated with the
lattice-confined Pt centers and the activated carbon (C)/nitrogen (N) atoms at the adjacency of the isolated Pt
centers. This strategy may provide insights into constructing highly efficient single-atom catalysts for different

energy-related applications.

INTRODUCTION

Hydrogen fuel is one of the most promising clean and sustainable
energy sources for modern society in view of the forthcoming fossil
fuel exhaustion and environmental issues (1, 2). As an attractive ap-
proach to produce hydrogen fuel, electrochemical water splitting driven
by highly efficient electrocatalysts has been investigated intensively
(3). Up to now, Pt and Pt-based alloys are demonstrated to be the most
effective electrocatalysts for hydrogen evolution reaction (HER) (4).
However, the high cost and low abundance of Pt severely limit the
large-scale application of Pt-based electrocatalysts. This problem
can be addressed by improving the utilization efficiency of Pt atoms.
Because only the atoms at the surface or subsurface of electrocatalysts
are involved in the catalytic process, reducing the size of Pt-based electro-
catalysts to clusters or even to single atoms is one of the most promis-
ing approaches to improve the utilization efficiency of Pt atoms (5-7).
Moreover, the isolated Pt centers, having low coordination and unsat-
urated configuration, are expected to be more active than conventional
nanosized Pt particles (8-10). Nevertheless, the extremely high surface
energy makes isolated metal atoms unstable during the electrocatalytic
reactions (11-14). Thus, confining isolated Pt atoms into the crystal
lattice of a host matrix is an effective strategy to prevent the aggregation
of active species. Simultaneously, the direct bonding between isolated
Pt centers and the host matrix may lead to promoted electrocatalytic
activities and kinetics (15, 16).

A porous carbon matrix (PCM) with high conductivity, good sta-
bility, and confined microenvironment is considered as an ideal support
to stabilize isolated Pt centers for electrocatalysis (17, 18). However, Pt
single atoms loaded by the traditional wet-chemistry approach are
hardly confined into the PCM. This is caused by the charge-balancing
double layer generated from cationic or anionic precursors, which
prevents the diffusion of Pt component into the interior of the porous
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matrix (5). Therefore, developing a facile and versatile strategy to dec-
orate Pt single atoms into the matrix of PCM is essential for the synthe-
sis of a highly active and stable electrocatalyst toward HER.

Herein, we report a novel dynamic reaction approach for traction
and stabilization of isolated Pt atoms in the mesoporous carbon
matrix through the relocation of the single-atom Pt species from the
surface of the parent carbon sphere into the interior of the carbon
matrix. Mesostructured polydopamine (PDA) particles, integrated
with the Pt component, are innovatively used as the precursor for
the synthesis of Pt single atom-decorated PCM (Pt@PCM) electro-
catalyst. Pyrolysis of the precursor generates mesopores, owing to
the decomposition of the surfactants in the PDA particles (17). Mean-
while, the internal dynamic force, as a consequence of the mesopore
formation and high-temperature pyrolysis, progressively fuses Pt ions
into the crystal lattice of PCM, generating the Pt@PCM electrocatalyst
with high dispersity of active centers. The extended x-ray absorption
fine structure (EXAFS) spectroscopy confirms that isolated Pt atoms
are coordinated with surrounding C/N atoms in lattice-confined geom-
etry. On the basis of the experimental and density functional theory
(DFT) calculation results, we propose that the isolated Pt centers can
activate the adjacent C/N atoms, making these nonmetal atoms electro-
catalytically active for HER. These important findings may open new
avenues toward the design of highly efficient catalysts for different
energy-related applications.

RESULTS

Synthesis of the Pt@PCM electrocatalyst

The synthetic procedure of Pt@PCM is shown in Fig. 1. First, as-
sembly of polymerized dopamine with polystyrene-block-poly(ethylene
oxide) (PS-b-PEO) is performed to synthesize a PDA nanocomposite
(denoted as PDA/PS-b-PEO). Field-emission scanning electron micros-
copy (FESEM) images exhibit that the obtained sample has a spherical
morphology (fig. S1). Subsequently, the as-prepared PDA/PS-b-PEO is
mixed with H,PtClg solution under decompression conditions at 50°C
for 4 hours to load the Pt component on the surface of PDA/PS-b-PEO.
Because PDA/PS-b-PEO with a zeta potential of —34.48 mV and plat-
inum species (in the form of PtCl,/*) have opposite interfacial charges,
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Fig. 1. Schematic illustration of the synthetic procedure of Pt@PCM. First step:
loading of the Pt component onto the surface of PDA/PS-b-PEO to form Pt@PDA/
PS-b-PEO. Second step: fabrication of Pt@PCM through pyrolysis of Pt@PDA/PS-b-PEO.

they would be assembled spontaneously through the electrostatic inter-
action in the solution, forming Pt-loaded PDA/PS-b-PEO (Pt@PDA/
PS-b-PEO) (table S1). The Pt@PDA/PS-b-PEO preserves the spherical
morphology, as indicated by FESEM observation (Fig. 2A and fig. S2, A
and B). Transmission electron microscopy (TEM) characterization dem-
onstrates that the as-prepared Pt@PDA/PS-b-PEO particles are solid
without pores in the bulk (fig. S2, C to E). The as-prepared Pt@PDA/
PS-b-PEO is converted into Pt@PCM through a stepwise pyrolysis.
The carbonization process of Pt@PDA/PS-b-PEO is investigated by
thermogravimetric (TG) analysis and differential scanning calorimetry
(DSC). An obvious exothermic process accompanied by a quick weight
loss starts at ~200°C and ends at ~420°C (fig. S3). This process cor-
responds to the removal of PS-b-PEO micelles, which act as the sacrificial
pore-forming agent, and the transformation of PDA into the carbon
matrix. As revealed by x-ray photoelectron spectroscopy (XPS) inves-
tigation, the N species in Pt@PDA/PS-b-PEO gradually transform from
pyrrolic N to pyridinic and graphitic N in the pyrolysis process (fig. S4
and table S2). On the other hand, the Pt component is gradually fused
into the carbon matrix with the increase of the pyrolysis temperature,
as evidenced by the disappearance of Pt** signal and the emergence of
Pt-C/N bonding in the XPS spectra (fig. S5). After pyrolysis at 800°C for
2 hours, the Pt 4f spectrum of Pt@PCM can be completely deconvoluted
into Pt-C/N bonding, which demonstrates the successful confinement
of Pt into the lattice of the carbon matrix.

FESEM observation shows that mesopores with a size of about
14 nm appear on the surface of Pt@PCM (Fig. 2B), which is further
confirmed by high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) characterization (Fig. 2C). These
mesopores are distributed throughout the whole matrix, as indicated
by the TEM image (Fig. 2D). High-resolution TEM (HRTEM) obser-
vations show that no obvious nanoparticles or clusters are found
in Pt@PCM, indicating that most of the metal should remain in
the form of isolated atoms (Fig. 2, E to G). The HAADF-STEM and
elemental mapping images of C, N, and Pt indicate that the Pt single
atoms are distributed uniformly over the entire architecture (Fig. 2, H
and I). The loading amount of Pt is 0.53 weight % (wt %), as measured
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by inductively coupled plasma mass spectrometry (ICP-MS). The
x-ray diffraction (XRD) pattern of the as-prepared samples show that
only typical diffraction peaks for (002) and (101) planes of graphitic
carbon have been detected, confirming the successful formation of
PCM in graphitic nature and the well-dispersed feature of these plat-
inum sites (fig. S6).

To further demonstrate the formation of Pt single atoms, we con-
ducted EXAFS and x-ray absorption near-edge structure (XANES)
analyses, which can provide more information about their chemical
states and coordination structures. As shown in Fig. 3A, Pt@PCM
exhibits similar Pt L;-edge EXAFS magnitude to that of Pt@PDA/
PS-b-PEO but produces increased intensity at the first peak of about
~1.85 A and a slight shift to lower R direction. To investigate the co-
ordination conditions of Pt centers, we performed wavelet transform
(WT) analysis, which can provide a radial distance resolution and
the resolution in the K space. A WT intensity maximum near 5.5 A"
arising from the light atom coordinator is well resolved at 1.0 to 3.0 A
for Pt@PCM, whereas an intensity maximum at ~8.5 A~ associated with
the Pt-Pt coordination is not detected (Fig. 3E). This result confirms
the successful loading of isolated Pt atoms in the carbon matrix (19, 20).
Further quantitative EXAFS curve fitting analysis reveals that the coor-
dination numbers of the Pt-N/O bonding in the first coordination
sphere are estimated to be 4.4 at the distance of 2.12 A, suggesting a
square-pyramidal configuration for the Pt-N/O bonding. In addition,
two more distant coordination spheres corresponding to C atoms are
demonstrated, which show coordination numbers of 7.8 and 8.5 at 2.75
and3.13 A, respectively (Fig. 3, B and C, fig. S7, and table S3). This result
implies the lattice plane-confined configuration for the isolated Pt
centers. The Pt L;-edge XANES profile of Pt@PCM is also similar to
that of the Pt@PDA/PS-b-PEO (Fig. 3D) (8). However, the white line
intensity of Pt@PCM, which manifests the electronic density of un-
occupied Pt d states, is much higher than that of Pt@PDA/PS-b-PEO,
indicating d electron transfer from Pt to PCM. A prominent pre-edge
peak at 11,550.8 eV is detected only for Pt@PCM, which is ascribed to
the enhanced hybridization between the 4f and 5d orbitals in the Pt re-
location process. Therefore, the EXAFS results confirm the lattice con-
finement of Pt atoms and demonstrate a strong coupling between
isolated Pt atoms and PCM, which may greatly modify the work
function of the Pt@PCM electrocatalyst (21).

The configuration of Pt@PCM is further confirmed by XPS inves-
tigation. The N 1s spectra of PCM demonstrate the existence of graphit-
ic, pyridinic, and pyrrolic nitrogen species with the banding energies of
401.6, 400.6, and 398.6 eV, respectively (Fig. 4A). The existence of
pyridinic N can serve as anchor points for platinum atoms (22). With
the decoration of Pt atoms, the average binding energy of N 1s increases.
Simultaneously, the ratio of pyridinic N also slightly increases (table S4).
These results demonstrate the mutual interactions between the isolated
Pt atoms and the carbon matrix, as well as the electron transfer between
isolated Pt centers and coordinated N atoms (23, 24). In addition, two
peaks with binding energies of 71.28 and 74.53 eV are observed in the Pt
4f XPS spectrum of Pt@PCM, indicating the formation of Pt-C/N co-
ordination bonds (Fig. 4B). The absence of Pt-Pt bonds at 70.89 and
74.23 eV confirms that no Pt particle is formed (25). Raman spectros-
copy has been used to characterize the graphitization degree of carbon
phases (Fig. 4C). The intensity ratio of D band to G band (Ip/Ig) in-
creases from 0.979 to 1.069 after the Pt loading. The increase of struc-
tural disorder in graphene is associated with the decoration of isolated
Pt atoms. Textural information on the nanoarchitectures is evaluated by
the N,-sorption isotherms. With the removal of PS-b-PEO micelles,
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Fig. 2. Morphological, structural, and compositional characterizations of Pt@PDA/PS-b-PEO and Pt@PCM. (A and B) SEM images of Pt@PDA/PS-b-PEO (A) and
Pt@PCM (B). (C to 1) HAADF-STEM image (C), TEM image (D), HRTEM images (E and F), intensity profiles (G), HAADF-STEM image of the particle for mapping (H), and
element mapping images of C, N, and Pt with their overlapping image (I) of Pt@PCM.

high surface areas have been obtained with a typical type IV isotherm
for PCM, confirming the formation of mesopores with a uniform size of
about 15 nm throughout the carbon matrix (Fig. 4D, fig. S9, and table
$4) (18, 26). With the implantation of the isolated Pt atoms into the
carbon matrix, no obvious change has been observed. The high porosity
of the PCM guarantees sufficient space for confined Pt sites to react with
adsorbed water molecules, affording facile catalytic kinetics and excel-
lent high durability. The periodicity of the pores in the Pt@PCM is also
confirmed by low-angle XRD characterization (fig. S10). The single
broad peak located at ~0.36° in the low-angle XRD pattern indicates
that the closely packed pores in the Pt@PCM have a uniform size (27).

Electrochemical performance

The electrocatalytic performance of Pt@PCM for HER is examined
by a typical three-electrode setup in 0.5 M H,SO,. The commercial
Pt/C with a Pt loading of 20 wt % (Pt/C-20%) (fig. S11) and the pure
PCM have also been investigated as references. As shown in the
linear sweep voltammetry (LSV) curves (Fig. 5A), the PCM shows
poor HER activity. However, great enhancement of activity has been
observed for Pt@PCM, the onset potential of which is about 0 V versus
the reversible hydrogen electrode (RHE), close to the thermodynam-
ic potential of HER (that is, 0 V versus RHE). The onset potential of
Pt@PCM is comparable with that of Pt/C-20%. The Pt@PCM requires

Zhang et al., Sci. Adv. 2018;4:eaa06657 19 January 2018

small overpotentials of 105 and 142 mV to achieve current densities
of 10 and 20 mA cm >, respectively. The required overpotentials are
relatively larger than those of Pt/C-20% but much lower than those
of PCM. The HER polarization curve of the catalysts with a reduced
Pt loading amount of 0.095% (Pt@PCM-0.095%) presents negative-
shifted onset potential. All these results compare favorably with the
values reported for most HER catalysts under similar conditions and
demonstrate that the decoration of Pt active sites contributes signif-
icantly to the HER activity (table S5). The electrochemically active sur-
face area (ECSA), which is generally proportional to the double-layer
capacitance (Cy) of the electrocatalyst, has also been investigated. The
Ca is calculated from the cyclic voltammetry (CV) measurements. The
results show that the Cy of Pt@PCM is 0.051 F cm ™2, which is substan-
tially larger than that of PCM (Fig. 5, B and C, and fig. S12) (28). This
observation provides direct evidence for the enlarged ECSA with the
decoration of Pt atoms into the matrix. The enlarged ECSA provides
more active sites for enhanced HER activity.

The turnover frequencies (TOFs) based on the platinum com-
ponent are calculated from the current densities obtained from the
LSV curves. The TOFs exhibit a nearly linear increase with overpo-
tential (Fig. 5D). As shown in Fig. 5E, at an overpotential of 500 mV,
Pt@PCM and Pt@PCM-0.095% electrocatalysts exhibit extremely high
TOFs of 43.6 and 65.5 s, respectively. These values are about 16.6

30f9

8102 ‘91 Ainp uo /610" Bewssusios seoueApe//:dily Wolj papeojumo(


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A 10 B 1o
Pt foil x 0.5
— Pt@PCM g :;@PCM
o 7 —pigoaps-speo | O8] ==
< =
g S
N§ Nx
x =
g i
0 1 2 3 4 5 6
R(A)
1.0
c s Pt@PCM D Pt foil
- — Pt@PCM
—Fi .
- g 3 — Pt@PDAIPS--PEQ
S
g 2
~0.04
0.5 z i
-0.54 m
€ g
2 H Pt@PCM
-1.04 11,544 E"MEZV 11,360 ) T
nergy (eV)
e, 0 2 4 6 8 10 12 14
4 s & 7 8 3 10 11,650 11,6575 11,600 11,625 11,650 o
k(AT) Energy (eV) k(A)

Fig. 3. EXAFS and XANES characterization results of Pt@PDA/PS-b-PEO and Pt@PCM. (A) Fourier transform (FT) magnitudes of the experimental Pt K-edge
EXAFS spectra (note that the intensity of the Pt foil spectrum is reduced to half for easy comparison). (B and C) Fourier-transformed magnitudes of Pt L;-edge
EXAFS spectra in K space (B) and R space (C) for Pt@PCM. (D) Pt K-edge XANES experimental spectra with enlarged profile as the inset. a.u., arbitrary units. (E) WT
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A — B
PL@PCM Pyrrolic N Pt@PCM PtCIN 4,
— Pyridinic N PL-CIN 47
- Graphitic N oy
5 3
] 1]
z il
i v . g
] Pyrrolic N
g | Pom — Pynidinic N £
= Graphitic N =
. oK
i
306 308 400 402 404 406 408 68 70 72 74 76 78 80
Binding energy (eV) Binding energy (eV)
C D
—a— Ads PCM
4004 —=—Des PCM
—a— Ads PE@PCM
—+— Des PE@PCM

= ahee, a4
= 1,02.(‘./ K.‘ o —a-Pt@PCM
W

&
w
_— 5 3204 —— Ads PH@PDA/PS-5PEO
3 o —s— Dds Pt@PDAPS-5-PEQ
1] e I &
s ”,-’ Wans eautigatants E- 240
] T T ' T
wn
~ @
E 1.01.=0.96 “’.". ‘..0.. _s- PCM a 160 4
4 =]
£ f"! “c..»"’ ‘x % il
’), o 80
@
.w"’ s E
“)‘ L g L I PR g 04
>

1000 1200 1400 = 1600 1800 2000 00 02 04 06 08 10
= =1
Raman shift (cm™) Relative pressure (P/P;)
Fig. 4. Structural and compositional characterizations. (A) N 1s XPS spectra of PCM and Pt@PCM. (B) Pt 4f XPS spectra of Pt@PCM and Pt/C-20%. (C) Raman

spectra of Pt@PCM and PCM. (D) N, sorption isotherms of PCM, Pt@PCM, and Pt@PDA/PS-b-PEOQ. Ads, adsorption; Des, desorption; STP, standard temperature and
pressure.

Zhang et al., Sci. Adv. 2018;4:eaa06657 19 January 2018 4 of 9

8102 ‘9} AInpr uo /610 BewadusIds saoueApe//:diy Wol) papeojumoq


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

0
A"l'ﬁ B‘?ﬁ € o] PI@PCM
£ -2 13 14] * Pcm
o [£] i
-4
‘E E . o 124
= ) L= iE Linear slope, 0.05109
g. @ o 104
w _gl o - <
c 0.8
< 3 E
-10 = 0.64
E 1 e a0 near slope, 0.0312
=124
g-n g 0.44
=] 3
O -144 O 0.2
05 -04 -03 -02 ~-04 00  0A 040 045 050 055 060 065 5 1 15 20 1z's 30
Potential (V vs. RHE) Potential (V vs. RHE) Scan rate (mVs')
0.7
DTA 80 —Pt@PCH E = F - —e— PL@PCM

0 0 — PL@PCM-0.095% » 304 WM Pt@PCM W 064 —. PL@PCM-0.095%

= —PUC-20% T B Pt@PCM-0.095% 5 —e— PYC-20%

& 40 S 25| mmPuc-20% T 054 _._pcm

= - ®

— i 2 204 ; 0.4 4 206 mV dec”’

1 e G = 132 mV dec’

3200 £ m 031

< g 15 s

éma Q £ 024 .

1 65.3 mV dec”

S 1600 & 104 §_ 0.1 - —

L

=1

g 800 G s @ 5] 314 mV dec”

w g LL .

g S ©a

'_ e . T T T T T

= -05 -04 -03 =02 =01 00 04 -0.1 02  -03 -04 05 -0.4 0.0 0.4 0.8 1.2

Potential (V vs. RHE) Potential (V vs. RHE) Logl/ (mA cm™)]
G,-. 0 H,_ 0.64 —s—Pt@PCM |ﬂ.- .

o % ~o—PUC-20% 's -5l —s— 1 MKOH
E . e —s— PL@PCM-0,095% 5 —+— 0.5MH_SO
o . —s—PCM ‘

@ 0.4 E A
" ; 221.3 mV dec” E
= -84 = -151

2 s £
2 -12 '-g 024 1269 mV dec” & -20-

E 2 . o e
o =] o 73.6 mV dec = =25 ]
= o e c
o 164 3 e g
= = 0.04 54.2 mV dec” ‘:I- =30
3 o o
o -20 =35

-05 -04 -03 -02 -04 00 01 -05 0.0 0.5 1.0 15 0 1 2 3 4 5

Potential (V vs. RHE)

Logl/ (mA cm™)]

Reaction time (hours)

Fig. 5. Electrochemical performance characterizations. (A) LSV curves of various catalysts in 0.5 M H,SO,. (B) CV curves at different scan rates for the Pt@PCM. (C) Capacitive
Aj = j, — jc as a function of the scan rate of Pt@PCM and PCM catalysts. (D) TOFs (top) and mass activities (bottom) of catalysts at varied overpotentials. (E) Comparison of TOFs
among catalysts at different overpotentials. (F) Corresponding Tafel plots for different catalysts in 0.5 M H,SO,. (G) LSV curves of various catalysts in 1.0 M KOH. (H) Corresponding
Tafel plots for different catalysts in 1.0 M KOH. (I) /-t curves of Pt@PCM in 1 M KOH and 0.5 M H,SO, media at a bias of 0.15 V versus RHE.

and 24.9 times larger than that of Pt/C-20% at identical overpotentials.
Compared with other benchmarked electrocatalysts, the TOF of the
Pt@PCM-0.095% sample is 15.6, 109, and 131 times higher than that
of Ru/C;N,/C catalyst (4.2 s (14, 29), NisP, catalyst (0.6 s (30), and
Ni-Mo catalyst (0.5 s 31 respectively under similar conditions. The
mass activities are also investigated, which show almost the same trend
as TOF variation. These results verify the preponderance of isolated Pt
atom confinement when compared with commercial Pt/C.

To investigate the mechanistic insights into the outstanding cat-
alytic activity of Pt@PCM for HER, we evaluated catalytic kinetics from
the Tafel plots (Fig. 5F). Pt@PCM shows a Tafel slope of 63.7 mV dec ™",
whereas Pt@PCM-0.095% and PCM exhibit Tafel slopes of 132 and
206 mV dec”", respectively. The Tafel slope reflects the rate-determining
step (RDS) of a catalytic process (28, 29). The RDS for PCM and Pt@PCM-
0.095% is the Volmer step, whereas the RDS for Pt@PCM is the Heyrovsky
step, so that the Volmer-Heyrovsky mechanism can be confirmed. This

Zhang et al., Sci. Adv. 2018;4:eaa06657 19 January 2018

result also suggests that the loading amount of isolated Pt sites can di-
rectly influence the RDS in the catalytic process (32, 33). Investigation
over commercial Pt/C confirms a Tafel slope of 33 mV dec ™", suggesting
that the Tafel recombination step is the dominant process.

The electrocatalytic activities of the as-synthesized catalysts in an
Ar-saturated alkaline medium (1.0 M KOH) are investigated. As shown
in Fig. 5G, Pt@PCM also exhibits good electrocatalytic activity for
HER, with a small overpotential of 139 mV at the current density of
10 mA cm 2 in this alkaline environment. The performance of Pt@PCM
is better than that of Pt@PCM-0.095% and pure PCM with overpoten-
tials of 281 and 471 mV, respectively. The Pt@PCM catalyst shows a
Tafel slope of 73.6 mV dec ™" in the alkaline solution, which is lower than
that of Pt@PCM-0.095% and pure PCM (Fig. 5H). These results further
confirm that the decoration of platinum atoms into the lattice of PCM
can lead to excellent electrocatalytic performance in both acidic and al-
kaline media (34).
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The electrochemical stability of Pt@PCM in acidic and alkaline
media is investigated by the current-time (I-f) test at a constant bias
of —0.15 V versus RHE (Fig. 5I). Pt@PCM shows excellent stability,
with less than 5% degradation of the initial current after 5 hours in
both acidic and alkaline media. In addition, a slight fading of activity
is observed after long-term potential cycling in the acidic environ-
ment, which further confirms the high corrosion resistance of the
Pt@PCM (fig. S13). Recycled Pt@PCM after the I-f test is also charac-
terized by TEM, Raman spectra, EXAFS, and platinum content analysis
(figs. S14 to S17). No obvious change is observed, which indicates that
the Pt@PCM is quite stable during the reaction process. The high sta-
bility of the hybrids should be attributed to the confinement effects
of the carbon matrix and the strong coordination bonding between
the isolated Pt sites and adjacent C/N atoms.

To interpret the nature of the isolated Pt atoms in the Pt@PCM elec-
trocatalysts, we investigated the influence of thiocyanate ions (SCN")
on the HER activity of the Pt@PCM catalysts. The metal catalytic sites
are widely known to be deactivated by the SCN™ under acidic condi-
tions (33, 35). With the introduction of SCN™ with a concentration of
5 mM into the acidic electrolyte, the overpotential of the Pt@PCM
catalyst at the current intensity of 15 mA cm™? increases from 123 to
247 mV. Further increasing the concentration of SCN™ to 10 mM does
not result in additional deactivation of Pt@PCM, indicating that nearly
all isolated platinum sites have been blocked (fig. S18). This value is still
much lower than that of pure PCM without Pt decoration. These exper-
imental studies elucidate that decorated Pt sites are not the sole origin
for the high HER activity of Pt@PCM.

DISCUSSION

To interpret the experimental results discussed above and provide
deeper atomistic insight into the catalytic contribution from Pt dec-
oration, first-principles theoretical calculations for a model interface
in Pt-decorated graphene are performed. As indicated by the cal-
culated density of states (DOS) results, the decoration of Pt species
generates some new hybridized electronic states in Pt@PCM (Fig. 6A).
The emergence of new electronic states could be attributed to the
hybridization between Pt (4f and 5d orbitals) and the neighboring non-
metal atoms, which is consistent with EXAFS analysis results (36, 37).
The graphitic nature of graphene is also greatly modified because of
the electron transfer from the lattice-confined Pt centers to the ad-
jacent C/N atoms (38), as evidenced by the greatly modified state
density of C and N atoms (fig. S19). The increased electronic states
could result in the promoted hydrogen adsorption ability of C/N atoms
and thereby the HER activity (23). Corresponding distribution of charge
densities has also been investigated to verify this conclusion. As shown
in Fig. 6B, a majority of the charge density originates from Pt atoms
in Pt@PCM, indicating that the lattice-confined Pt atoms contribute
favorably to charge density distribution and thus enhance the cata-
lytic activity. In vast contrast, only Pt atoms adjacent to the graphene
can contribute to the charge density distribution in Pt cluster-loaded
graphene (figs. S20 and S21). We have also built models of totally ex-
posed and carbon layer-covered active sites for the DFT calculations.
The free energy of hydrogen adsorption (AGy-) is revealed to be rather
high on the exposed site but relatively low on the carbon layer—covered
site. Neither case is favorable for the hydrogen evolution in the catalytic

Total
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Fig. 6. DFT calculation results. (A) Calculated DOS of Pt@PCM and PCM. (B) Calculated distribution of charge density of Pt@PCM. (C) Schematic description for the
coordination shells for the isolated Pt over the graphene. (D) AGy« on pure and Pt-decorated graphene in different coordination shells.
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process (fig. $22). Our DFT results further confirm the advantage
of confinement of isolated Pt atoms within the lattice of the carbon
matrix.

To further clarify the enhanced activity with the decoration of Pt
atoms, the AGy« of C and N atoms from Pt@PCM with different co-
ordination shells is investigated (Fig. 6C) (39). The variations in the
AGy+ for the different coordination shells are used to describe the
effect of the Pt confinement. As shown in Fig. 6D, the Pt confinement
induces a change in AGy- of 1.05 eV in the first coordination shell,
whereas the effect decreases with an increase in the number of shells.
However, for the third coordination shell, the change still amounts to
approximately 0.75 eV. These results demonstrate that the catalytic
activity of inert graphene can be triggered via Pt decoration. Thus,
confined Pt atoms and adjacent C and N atoms should be the active
sites for HER.

In conclusion, a new model of single-atom decoration into the
interior of the carbon matrix is proposed as an elegant platform to
gain an atomic-level understanding of the electrocatalytic hydrogen
evolution process. As a proof-of-concept prototype, our present study
highlights the character of the PCM in providing specific structural
and electronic environments for isolated Pt atoms. The isolated Pt
centers maximize the atom utilization efficiency and exhibit signifi-
cantly promoted catalytic activity. DFT investigation further con-
firms that the decoration of isolated Pt atoms can greatly modify
the work function of the carbon matrix, resulting in the regulation of
the AGy~ that is close to zero. The heterogeneous catalysts with lattice-
confined metal sites reported here provide crucial atomic-level insights
and a new vision for the design of single-atom catalysts for other electro-
chemical processes, such as oxygen evolution, hydrogen oxidation, and
CO, reduction.

MATERIALS AND METHODS

Preparation of PDA/PS-b-PEO

The precursor of PCM was prepared on the basis of a soft-templating
synthetic strategy (17). In a typical synthesis, 200 mg of dopamine
was dissolved in 12 ml of a mixed solution of ethanol and deionized
water (with a volume ratio of 1:2). Then, the above mixture was poured
into 4 ml of tetrahydrofuran containing 30 mg of diblock copolymer
PS-b-PEO under mild stirring. After 1 hour, an ammonia aqueous
solution was injected to induce the self-polymerization of dopamine.
After continuous reaction for 20 hours, PDA/PS-b-PEO spheres were
obtained by centrifugation and washing with the mixed solution of
ethanol and deionized water for several times.

Preparation of Pt@PDA/PS-b-PEO

The as-prepared PDA/PS-b-PEO was first mixed with a certain amount
of H,PtClg solution in a flask. Then, the flask was connected to the
vacuum system and sonicated at 50°C for 4 hours, in which platinum
components are located homogeneously on the surface of composite
sphere with weak coordination.

Preparation of PCM and Pt@PCM

Carbonization of the PDA/PS-b-PEO composite at different temper-
ature intervals (500°C for 2 hours and 800°C for 2 hours; heating rate,
1°C min~") was performed to remove the surfactants in the hybrid and
produce PCM. A similar method was adopted to prepare the Pt-PCM,
except that the sample of PDA/PS-b-PEO composite was replaced by
Pt@PDA/PS-b-PEO.
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Materials characterizations

TEM and HRTEM were conducted on a Tecnai G2 F30 S-Twin electron
microscope operated at 300 kV. HAADF-STEM images and energy-
dispersive x-ray (EDX) mappings were taken on a JEOL 2100F micro-
scope. SEM images were recorded on a Hitachi S4800 microscope.
Powder XRD was performed on an X’Pert PRO diffractometer with
Cu Ko radiation (PANalytical). Small-angle x-ray scattering (SAXS)
measurements (Rigaku NANO-Viewer) were used to evaluate the tex-
tural information on the nanoarchitectures. The SAXS instrument
used a Cu Ko radiation (40 kV, 30 mA) source with a camera length
of 700 mm. TG (Shimadzu DRG-60) was applied to trace the weight
loss in the carbonization stage. Nitrogen adsorption-desorption iso-
therms were obtained by using a BELSORP-mini (MicrotracBEL Corp.)
at 77 K. The surface areas were estimated by the multipoint Brunauer-
Emmett-Teller method at a P/P, range of 0.05 to 0.5 based on the
adsorption data. The total pore volumes and pore size distributions
were calculated from the adsorption branches of isotherms based
on the Barrett-Joyner-Halenda model. ICP-MS was performed on a
Thermo IRIS Intrepid II XSP spectrometer. Before measuring, the
samples were degassed in a vacuum at 120°C for 12 hours. Surface
chemical analysis was performed by XPS (PHI Quantera SXM,
ULVAC-PHI Inc.).

X-ray absorption data collection, analysis, and modeling
The Pt L;-edge EXAFS and XANES spectra of as-prepared samples
were acquired at 1W1B beamline of Beijing Synchrotron Radiation
Facility, China in fluorescence mode using a Si(111) double-crystal
monochromator under ambient conditions. The incident and fluo-
rescence x-ray intensities were detected by a standard N,-filled ioniza-
tion chamber and a Lytle-type detector filled with Ar, respectively. The
energy scale was calibrated using the spectrum of Pt foil (40). The
EXAFS raw data were then background-subtracted, normalized, and
Fourier-transformed by the standard procedures with the ATHENA
program; least-squares curve fitting analysis of the EXAFS y(k) data
was carried out using the ARTEMIS program.

Electrochemical measurements

Electrochemical properties of the samples were characterized in a three-
electrode cell with an electrochemical workstation (CH Instruments
650A). A carbon rod was used as the counter electrode, whereas an
Ag/AgCl electrode was used as the reference electrode. LSV with a scan
rate of 5mV's~' was carried out from 0.2 to —0.7 V versus RHE in electro-
lyte solution under continuous purging with Ar. The catalyst was cycled
numerous times by CV until a stable CV curve was obtained before
testing. For the preparation of the working electrode, 1.5 mg of as-
synthesized catalyst was mixed with 20 ul of Nafion solution (5.0 wt %
Nafion in ethanol) and 1000 ul of ethanol. The mixture was sonicated,
and the suspension was pipetted out and dropped onto a glassy carbon
electrode (GCE) with a diameter of 3 mm and then fully dried. All elec-
trodes were prepared by depositing the same mass loading of catalysts
on the GCE using an identical method. The onset potential refers to the
potential where the current starts increasing from zero. The onset poten-
tials were derived from the potentials corresponding to the current den-
sity of 0.2 mA cm™.

ECSA evaluation

The ECSA was estimated from the electrochemical double-layer ca-
pacitance of the hybrids. The electrochemical double-layer capaci-
tance was determined from the CV curves measured in the
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potential range of 0.42 to 0.62 V versus RHE according to the
following equation

Ca= I/v (1)

where Cg, I, and v are the double-layer capacitance (in farads per square
centimeter) of the electroactive materials, charging current (in milliam-
peres per square centimeter), and scan rate (in millivolts per second),
respectively. I. was taken at the potential of 0.52 V versus RHE.

TOF and mass activity calculation
The mass activity and TOF of the catalysts were calculated according
to the following equations

mass activity = j/m (2)
TOF = I/(2F-n) (3)

where j is the measured current density (in milliamperes per square
centimeter), m is the catalyst loading (in milligrams per square centimeter),
Iis the current (in amperes), F is the Faraday constant (96,485.3 C mol ™),
and 7 is the number of moles of the active catalyst.

Computational methods

All calculations were performed using Vienna ab initio package based
on the DFT. The generalized gradient approximation was used for the
exchange-correlation energy. In addition, the D2 method proposed
by Grimme was adopted to describe the van der Waals interactions (49).
A plane-wave expansion for the basis set with a cutoff energy of 450 eV
was used. A vacuum region of 20 A was used to eliminate interactions
between the neighboring cells of slab models. Monkhorst k-point
meshes (5 x 5 x 1 and 2 x 2 x 1) were used for the Brillouin-zone in-
tegrations of slab models with Pt doping and Pt cluster, respectively. All
atoms were relaxed until the residual force was less than 0.01 eV/A.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/1/eaa06657/DC1
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