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SUMMARY

Atomic catalysts are promising alternatives to bulk catalysts for the hydrogen evolution reaction
(HER), because of their high atomic efficiencies, catalytic activities, and selectivities. Here, we report
the ultrathin nanosheet of graphdiyne (GDY)-supported zero-valent palladium atoms and its direct
application as a three-dimensional flexible hydrogen-evolving cathode. Our theoretical and experi-
mental findings verified the successful anchoring of Pd® to GDY and the excellent catalytic perfor-
mance of Pd/GDY. At a very low mass loading (0.2%: 1/100 of the 20 wt % Pt/C), Pd®/GDY
required only 55 mV to reach 10 mA cm 2 (smaller than 20 wt % Pt/C); it showed larger mass activity
(61.5 A M@meta ') and turnover frequency (16.7 s~ ") than 20 wt % Pt/C and long-term stability
during 72 hr of continuous electrolysis. The unusual electrocatalytic properties of Pd°/GDY originate
from its unique and precise structure and valence state, resulting in reliable performance as an HER
catalyst.

INTRODUCTION

Electrochemically splitting water into hydrogen (H,) through the hydrogen evolution reaction (HER) is a
promising strategy for solving the problems of energy scarcity and environmental pollution (Goff et al.,
2009; Jiao et al., 2015; Liu et al., 2018; Roger et al., 2017; Walter et al., 2010; Yang et al., 2018). In general,
platinum (Pt)-based materials are at present the most efficient electrocatalysts for the HER process, but the
high cost and natural scarcity of Pt remain great obstacles limiting their practical use. There is, therefore, a
quest to develop alternative electrocatalysts—displaying high activity and stability at low cost—for water
splitting. Much effort has been devoted recently to the development of non-precious HER electrocatalysts,
including those based on transition metals (e.g., Fe, Co, Ni, Mo) (Karunadasa et al., 2012; Luo et al., 2014,
2018; Zou et al., 2014) and those that are metal free (e.g., graphene, carbon nanotubes [CNTs], C3N,) (Dai
etal., 2015; Jiao et al., 2015; Liu et al., 2015, 2016). Although these electrocatalysts have potential as alter-
natives to Pt-based ones, their relatively low HER activities do not yet meet the needs of real applications.
Atomic catalysts (ACs), consisting of single metal atoms anchored on supporting materials, can expose the
maximum number of active sites, maximize the atom utilization efficiency and reaction selectivity, and
boost a system'’s electrocatalytic activity (Fei et al., 2018; Jones et al., 2016; Liu et al., 2016; Thomas,
2015;Xue et al., 2018a, 2018b). These features suggest an optimal strategy for synthesizing cost-effective
and active catalysts, especially for those based on noble metals (e.g., Ir, Au, Pt) (Jones et al., 2016; Liu
etal., 2016). The high surface energies of single metal atoms can, however, encourage aggregation during
preparation and catalysis processes, decreasing the number of active sites and limiting the catalytic effi-
ciency and stability. An appropriate support that can anchor single metal atoms firmly, to avoid their
aggregation, is necessary when synthesizing active and stable ACs. Single metal atoms anchored onto
various metals, metal oxides (Li et al., 2014a, 2014b; Nie et al., 2017; Wang et al., 2013), and carbon mate-
rials (e.g., graphene, graphite carbon, other carbon materials having N4C4 moieties) (Chen et al., 2017; Fan
etal., 2016; Feietal., 2018; Yin et al., 2016) have previously been preferred in the development of ACs. Their
catalytic applications have, however, been greatly hindered by several major disadvantages. For example,
their syntheses can be very rigorous, complex, hard to manage, and incapable of avoiding metal clusters/
particles, potentially resulting in uncertain structures for the supports, the metal sites, and the active sites,
diminishing the catalytic performance. Furthermore, their low conductivity, low loading density, and poor
stability/tolerance can also restrict the catalytic efficiency of the ACs. These limitations make it difficult to
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Figure 1. Optimized Configurations of Pd°/GDY

(A) The energetically favored singly (higher) and triply (lower) anchoring sites (A-site) for Pd within the GD system.

(B and C) The orbital potential energy projections (Ugut1 and Ugurp) for Pd 4d within (B) singly and (C) triply anchoring site.

(D) The PDOS comparison for the Pd 4d and Ni 4d bands within GD-Pd and GD-Ni, respectively.

(E) The PDOSs for overall contribution of the Pd 4d and (C1, C2) 2p band comparing with Ni 4d and (C1, C2) 2p band.

(F) The real-space 3D orbital contour plot for the three dominant p—d band overlapping peaks observed from the PDOS between Pd 4d and (C1, C2) 2p
bands.

between the structures and catalytic properties. Moreover, all the previously reported traditional ACs have
had undetermined valence states or values that are not integers. Although scientists have for some time
been predicting the emergence of zero-valent metal single-atom catalysts, the preparation of zero-valent
ACs has remained challenging in the field of catalysis, with the goal of a reasonable design for new-gen-
eration ACs with controllable structures and high catalytic performances.

Graphdiyne (GDY), a relatively new two-dimensional (2D) planar carbon allotrope comprising sp?hybrid-
ized carbon atoms in benzene rings linked through sp-hybridized carbon atoms in diacetylenic groups
has attracted great attention in chemistry, physics, and material science ever since its first successful syn-
thesis by our group (Huang et al., 2018; Jia et al., 2017; Li, 2017; Li et al., 2010, 2014a, 2014b; Matsuoka et al.,
2017; Xue et al., 2018a, 2018b; Yu et al., 2018). In particular, it has been proposed as an excellent substrate
for anchoring zero-valent metal atoms (Xue et al., 2018a, 2018b). The sp-hybridized carbon atoms endow
GDY with many attractive properties, including a natural band gap, high electric conductivity, high charge
carrier mobility, excellent chemical/mechanical stability, and uniformly distributed pores (Long et al., 2011).
In contrast to other conventional carbon materials (e.g., graphene, CNTs), the coexistence of sp (p—p,
T/7* states) and sp? (p, 70/7* state) hybridization in GDY means that the 7t/7* orbitals can rotate in any di-
rection perpendicular to the —C=C— bonds (He et al., 2012). This feature is favorable for chelating single
metal atoms and greatly contributed to strong charge transfer between the metal atoms and the GDY. Our
theoretical investigations have revealed that the most favorable adsorption site for single metal atoms on
GDY is at the angle site (A-site) of the alkyne ring (Figures 1B and 1C). The unique properties of GDY sug-
gest that it has tremendous potential for the fabrication of active and stable ACs.

Zero-valent palladium (Pd®%) complexes are the active species in many catalytic transformations, including
Pd-catalyzed Heck and cross-coupling reactions (Kolter et al., 2017;Zheng et al., 2014). To the best of our
knowledge, however, no previous reports have described the HER catalyzed by single Pd® catalysts or the
correlations between the active site structure and the HER activity at the atomic level.

Inspired and motivated by all facts mentioned above, in this study we demonstrated such a zero-valent
electrocatalyst system consisting of Pd® anchored on GDY for significant improvement in HER perfor-
mance. Both theoretical and experimental findings revealed the successful anchoring of the single zero-val-
ent Pd® atoms to the GDY. The Pd%/GDY samples exhibited outstanding electrocatalytic activity, with an
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overpotential of 55 mV at 10 mA cm™2, a mass activity of 61.5 A mgmetaf1, and a turnover frequency of

16.7 s, which are better than those of 20% Pt/C. This excellent HER performance originated from the
unique and well-defined chemical and electronic structures of Pd%/GDY.

RESULTS
Theoretical Evaluation

We examined the key mechanism behind the excellent HER performance of the Pd-GDY system (see also
Transparent Methods). We tested the locations of the Pd atoms within the Pd-GDY system in two cases: one
in which a Pd atom was singly anchored at the A-site (Figure 1A) and the other in which it was triply
anchored at the A-site (Figure 1B). Using our previously developed two-way crossover linear response
method, we decomposed the response of the electronic potential of an on-site targeted orbital (Huang.,
20163, 2016b, 2016c¢, 2017). The characteristics of the Pd 4d orbital at the A-site are illustrated, regarding
the two different anchoring modes. We observed a variation in the character of the Pd 4d orbital, displaying
a closed shell (crossover) effect for both the singly and triply symmetrically anchored Pd atoms at the A-site
(Figures 1C and 1D). This crossover effect is indicative of strong orbital overlaps between the Pd atom and
the neighboring C atoms, namely, coupled long-range coupling (p—d) between Pd 4d orbitals and the C1
and C2 2p orbitals; here, C1 and C2 denote the nearest neighboring and second nearest neighboring C
atoms with respect to the Pd anchoring position. The orbital energy also increased from 6.55 to 8.21 eV.
This observation implies that the electronegativity was enhanced as a result of the potential for d-d orbital
resonant coupling by the nearby Pd atom in the case of triple anchoring. Moreover, it suggests a strong
tendency for zero-valent anchoring of Pd® within the GDY system.

We further compared the electronic properties with those we had determined previously for Ni® anchoring
(Xue et al., 2018a, 2018b). The projected partial density of states (PDOSs) illustrated the Pd 4d and Ni 3d
bands (Figure 1D). Moreover, the relatively deeper 4d band center would activate more 4d electrons
from the Pd site onto the nearby bonded C1 and C2 sites. In more detail, Figure 1E illustrates the PDOS
of the C1 and C2 2p orbitals combined with the d bands of Pd and Ni, respectively. We find that the deeper
d band center of the anchoring Pd atom may have arisen from the strong p—d coupling. The 2p band ex-
hibited greater matching with the Pd 4d band distribution when compared with that of the Ni-GDY system.
Nevertheless, the Ni 3d band localized in the higher range exhibited less of a p—-d band matching effect
with the C 2p band. Therefore, the bonding between the Pd atom and the C1 and C2 sites was stronger
than that in the corresponding Ni-GDY system, resulting in substantial charge transfer between the Pd
atom and the nearby C sites. On the other hand, the electronic activities for the catalytic HER within Pd-
GDY can be determined by the Pd-(C1, C2) entity, where the p—d coupled band center is almost dominated
by the Pd 4d orbital (Figure 1E). The localized orbitals of the valence electronic states are presented in
terms of a real-space contour plot. The localized states represent the three dominant peaks of the Pd
4d band strongly overlapping with the (C1, C2)-2p band. These orbitals reveal that the anchoring Pd site
and the nearby (C1, C2) site can mutually transfer their electrons between the 4d and 2p orbitals, even
through a long-range interaction (Figure 1F).

Next, we examined the energetic activities to elucidate the HER mechanism (see also Transparent
Methods). We considered both the H/2H formation energies and the related H-chemisorption energies
(Figure 2A). The various C active sites are labeled C1-C4 (Figure 2B). We found that the C sites posi-
tioned closer to the anchoring Pd atom exhibited an energetically favorable adsorption trend for H;
for 2H, the adsorption trend was similar. Regarding the strong coupling between the Pd and (C1, C2)
sites, as well as the optimal p—d band matching effect, we confirmed that the adsorption energy of
the C1 and C2 sites was lower than that of the C3 site. In addition, we verified that the C2 site was
the most active site, displaying a strong energetic preference to adsorb the H atom. From the viewpoint
of chemisorption, the C3 and C4 atoms were preferred as H desorption centers, because their energy
levels remained above the thermoneutral line (AG = 0 eV). Nevertheless, we confirmed that the C1
and C2 sites had a promoting effect for the stable adsorbing of the H atom, with less of an over-binding
effect when compared with the Ni-GDY system (Xue et al., 2018a, 2018b). This trend arose because the
C1 and C2 sites both exhibited an optimal band matching effect. It further implies that strong p-d
charge transfer occurred to activate the d electrons from the Pd atom onto the C1 and C2 sites for
H atom adsorption (Figure 2C). Thus the chemisorption energies are consistent with the discussion
above regarding the electronic properties. Taken together, these results imply the great potential of
Pd®/GDY for catalytically efficient hydrogen evolution.
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Figure 2. Adsorption Formation Energies and Corresponding Structural Configurations

(A) Adsorption formation energies of H and 2H on four different C atom sites (C1, C2, C3, C4) nearby the anchoring Pd
atom. The free chemisorption energies are also given.

(B) 2D Valence charge density mapping with the four different C atom sites given (C1, C2, C3, C4).

(C) Structural configuration for H atom adsorption on the C1 and C2 atom sites.

Morphological Characterization

To substantiate the predictions from density functional theory experimentally, we synthesized Pd%/GDY
through a facile synthetic method (please see Transparent Methods for details). Inductively coupled
plasma mass spectrometry revealed that the Pd loading was 0.2 wt %. As shown in Figures 3A-3D, a
film of vertically aligned and interlaced GDY nanosheets (ca. 200 nm in size) was grown on a smooth
interweaved CF surface (Figure S1) through Glaser-Hay coupling using hexaethynylbenzene as the pre-
cursor, forming a 3D GDY foam (Gao et al., 2017; Zhou et al., 2015). The morphology of GDY was
confirmed using scanning electron microscopy (Figures 3A, 3B, and S2) and transmission electron
microscopy (TEM; Figures 3C, 3D, and S3). Then the ultrathin nanosheet of GDY-supported palladium
atom catalyst was obtained (Figures 3E-3H, S4, and S5). Both scanning electron microscopy and TEM
indicated that the nanosheet morphology was preserved after the synthesis of Pd®/GDY (Figures 3E-
3H), confirming the robust nature of GDY skeleton—a useful feature for improved catalysts. High-reso-
lution TEM revealed that the Pd®/GDY nanosheet had an interplanar distance of 0.329 nm (Figure 3H),
smaller than that of the pure GDY nanosheet (0.365 nm, Figure 3D). The smaller spacing between the
two adjacent GDY layers implies an associated interaction between the GDY and the Pd atoms. More-
over, no Pd clusters/particles were evident in the scanning electron microscopic and TEM images, sug-
gesting that the anchored Pd atoms were not in aggregated form, unlike those in the reference sample
(Figure S6; see also Transparent Methods). Scanning TEM (STEM) (Figure 3I) and corresponding
elemental mapping images (Figures 3J-3L) show the uniform distribution of C and Pd elements over
the nanosheets. In addition, contact angle measurement results reveal that, after the growth of the
GDY, the hydrophobic surface of bare CF (contact angle: 140.5°; Figure 3M) becomes completely wet-
ting (contact angle: 0°; Figure 3N), which could significantly improve the wetting between the electrode
and electrolytes, therefore finally reducing the ohm contact resistance and benefiting the enhancement
of catalytic performances.

Atomic Structure and Chemical State Analysis

We employed sub-angstrém-resolution, aberration-corrected high-angle annular dark-field (HAADF)
STEM to collect information about the configuration and dispersion of the individual Pd atoms on the
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Figure 3. Morphological Characterization of Samples

(A-H) (A and B) SEM, (C) TEM and (D) HRTEM images of pristine GDY, see also Figure 52 and S3; (E and F) SEM, (G) TEM
and (H) HRTEM images of Pd®/GDY, see also Figure 5S4 and S5.

(I-L) STEM (I) and elemental mapping (J-L) images of Pd°/GDY.

(M and N) Contact angle measurements on pure CF (M) and GDY (N).

GDY (Ortalan et al., 2010). The HAADF images of Pd®/GDY nanosheets recorded from different batches of
samples revealed the separate and uniform distribution of the individual Pd atoms (white dots) on the GDY,
without any aggregation (Figures 4A-4L). STEM images and corresponding elemental mapping analysis
(Figures 4M-4P) clearly indicated the atomic and homogeneous dispersion of the Pd atoms in the Pd-
GDY nanosheets, in accordance with the above-mentioned TEM- energy dispersive X-ray analysis (EDX)
data (Figures 3l and 3J).

We also performed elemental selective X-ray absorption fine structure spectroscopy, including extended
X-ray absorption fine structure (EXAFS, Figure 5A) and X-ray absorption near-edge structure (XANES)
spectroscopy (Figure 5B). The EXAFS spectrum of Pd-GDY featured a major peak near 1.5 A, which is
smaller than that of the Pd-Pd contribution (ca. 2.5 A) in Pd foil, reflecting the existence of only singly
dispersed Pd atoms in Pd-GDY. No diffraction peaks corresponding to Pd nanoparticles (Pd NPs)
were evident in the X-ray diffraction pattern of Pd®/GDY (Figure S7A), further implying the absence of
Pd NPs. The first derivative of the XANES is generally used as the basis for energy calibration and
used to determine the valence states of samples (Xue et al.,, 2018a, 2018b). As shown in Figure 5B,
the main peaks of Pd/GDY and Pd foil are located at the same energies, providing evidence that
zero-valence Pd atoms are anchored on GDY. Clearly, the anchoring of the single metal atoms on the
GDY was universal and reproducible; they had not merely coincidentally emerged within a confined re-
gion. These results provided sufficient proof for the successful preparation of the Pd-GDY AC. Through
careful analysis of the recorded HAADF images, we obtained the average diameter of the individual Pd
atoms anchored on the GDY (Figure S8) within a very narrow size distribution: 3.6 + 0.1 A, consistent
with the typical size of a Pd atom (3.6 A).

Raman spectroscopy (Figures 5C and S9) revealed that the peaks corresponding to the vibration of the
conjugated diyne units of the Pd°/GDY samples shifted to higher wave number compared with those of
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Figure 4. Atomic Resolution Images of HAADF-STEM Pd°/GDY

(A-H) HAADF images obtained from various regions of Pd®/GDY nanosheets.

(I-L) Enlarged images of the selected regions in (E-H).

(M=P) STEM-HAADF image of the Pd°/GDY nanosheet and corresponding elemental mappings of Pd and C atoms.

the pristine GDY—the result of the anchoring of the Pd atoms. The D band to G band ratio for Pd°/GDY
(0.80) is larger than that for pristine GDF (0.75), which indicates that the Pd®/GDY structure is much more
defective than GDY, leading to more active sites for efficient catalysis. We used X-ray photoelectron
spectroscopy (XPS) to examine the chemical states of the Pd atoms. The survey spectrum (Figure 5D) re-
vealed the presence of Pd and C elements in Pd%/GDY, whereas only C elements were evident in the
GDY sample. Figure 5E presents the high-resolution C 1s XPS spectra of the samples. The spectrum
of Pd°-GDY exhibited a new peak at 290.8 eV, due to the m—m* transitions arising from restoration of
the delocalized conjugated structure (Figure S7B), suggesting the presence of interactions between
the Pd atoms and the GDY (Xue et al., 2018a, 2018b; Yu et al., 2018). The area ratio of the spz-C and
sp-C peaks remained at 2:1, reflecting the integrity of the GDY structure after the anchoring of the Pd
atoms. All these findings are persuasive for an intimate interaction between the anchored individual
Pd atoms and the GDY, arising from the unique electronic and chemical structures of the GDY. The
high-resolution XPS spectrum of the Pd 3d orbitals (Figure 5F) featured the peaks of Pd 3ds,, and Pd
3ds3/, at 334.9 and 340.2 eV, respectively; they are readily assigned to metallic Pd. The results strongly
suggest the successful anchoring of zero-valence Pd atoms on the GDY, forming Pd®/GDY ACs. These
features would presumably be beneficial for improving the intrinsic catalytic activity of GDY-based
ACs (Xue et al., 2018a, 2018b).
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Figure 5. Structural Characterization

(A) EXAFS spectra of Pd°/GDY and Pd foil at the Pd K-edge.

(B) The normalized Pd K-edge XANES spectra and first-derivative curves (the inset) of Pd°/GDY and Pd foil.

(C) Raman spectra of Pd®/GDY and the pristine GDY. Inset: signals for the diyne structure of the GDY skeleton; see also Figure S9.

(D) XPS survey spectra of Pd°/GDY and the pristine GDY.

(E) High-resolution XPS C 1s spectra of Pd®/GDY and the pristine GDY (insets are the magnified images of the 290.8-eV region); see also Figure S7.
(

)
F) XPS Pd 3d spectrum of Pd®/GDY.

Electrochemical Characterization

We evaluated the HER catalytic performance of the Pd®/GDY sample using a typical three-electrode system
in Hy-saturated 0.5 M H,SO, (see Transparent Methods for details; Video S1). The pristine GDY, the bare CF
substrate (Figure 6A), a Pd NP-decorated GDY (Pd NP/GDY), and commercial Pt/C (20 wt %) loaded on CF
(mass loading: 0.447 mg cm~?) were all tested for comparison. The Pd®/GDY sample was flexible and could
be bent in random directions (Figure 6B)—a potentially beneficial property for its application as a working
electrode (Figure 6C). Figure 6D presents the iR-corrected linear sweep voltammetry curves of the as-pre-
pared samples. Pd°/GDY provided an overpotential (1) of 55 mV at a current density of 10 mA cm™2, less
than those of 20 wt % Pt/C (62 mV), Pd NP/GDY (115 mV), pure GDY (481 mV), and CF (725 mV). This value
compares favorably with those of most recently reported ACs and bulk catalysts, including Pt-MoS, (Deng
et al., 2015), Ptij@Fe-N-C (Zeng et al., 2018), and PtO,/TiO, (Cheng et al., 2017) (Figures 4E and Tables S1
and S2). Measurement of the mass activity provided a more straightforward approach toward evaluating
the catalytic performance. We obtained the mass activities of Pd®/GDY and Pt/C normalized in terms of
the metal loading (Figure 6F; see also Transparent Methods for details). As expected, the mass activity
of Pd°/GDY was much better than that of Pt/C. For instance, at the overpotential of 0.2 V, Pd%/GDY pre-
sented a specific activity of 61.5 A Mgmet |, Which was 26.9 times greater than that of Pt/C
(2.29 A mMgmetal ). The Tafel slope of a catalyst is an indicative index for understanding the inherent kinetics
of the HER process. As displayed in Figure 6G, Pd%GDY provided a Tafel slope of 47 mV dec™", which was
lower than those of Pd NP/GDY (139 mV dec™), the GDY (212 mV dec™"), and the CF (295 mV dec™")—
indeed, it was lower than those of most of the reported ACs and state-of-art bulk catalysts (Figures 6H
and Tables S1and S2). This value for the Tafel slope suggests that the HER process of Pd%GDY proceeds
through a Volmer-Heyrovsky mechanism, in which hydrogen desorption is the rate-determining step. By
extrapolating Tafel plots to a value of potential of 0, we obtained the exchange current density (jo) and
used it to assess the HER activity kinetically. The value of jo of Pd°/GDY was 0.282 mA cm™2; it is much higher
than those of most previously reported ACs and benchmarked bulk catalysts, including Co-nitrogen-
doped graphene (0.125 mA cm™) (Fei et al, 2015) and Ni,P@N-doped porous carbon nanofibers

iScience 11, 31-41, January 25, 2019

200 400 600 800 1000 1200 282 284 286 288 200 202 332 334 336 338 340 342 344 346

37




iIScience Cell

A > 0 E 2501
S
™) '10'
) 20 200+
2 Sl =
£ .30 Z 1501
c < —— Pd’/GDF =
g -401 ——Pd NP/GDF =
= ——GDF 100+
.
i -501 —crF
g0 =20 wt%PyC 50L=
08 06 -04 -02 00 S S gz e"\«\%@@?&’%"“ FSSE
E(V RHE NG R Ny
ver S
(V) versus & B
F 100 16 0.40 # LI
s Mass activity (mg,..,,") | o° @ o Pd/GDF YT
T80 n=0.05V n=0.2V — o9 6 o PdNP/GDF | "
2 0.35- ¢ 8
o {| PO/GDF 749 615 Z o,o°:::§6 ° GDF £1001
E601_pc o020 229 8 590 S S -
= ° <€ 0.302 S % £ £ anl
2 404 .~ PAUGDF | ¢ 60 Y
S ° Q rL’\'l(go°° ydel o
B o = 0.051 0’ 65‘“ 009° % 60-
& 201 g"o 16 0>) ' 47 mV dec’ oooﬂ%oooooooo =
B o® PHC o 35deec1°°"°°°°°°N ‘©
© 0 nnﬁ--,.mmnaaaaaaooooaoooooooo: 000 » . [ 40_
= 0.00 0.05 0.10 0.15 0.20 025 0.30 0.0 0.2 0.6 08 ©§o§§°e2§<§e e\@fé? " w‘)
) . 2 SePQC v Q O\ °<2
Overpotential (V) versus RHE Log |j (mA cm”)| £ \19 @ \&00@’
& &5 ©
1 100 J K 400
04
'°°u°°°°°°°°°°°°oo e Initial e After 1000 cycles ’F . . ’ 0
%90, ° ° e Pd’/GDY
—~ 101 %, ¢ 300- ° ° e GDY
"0 Fe/GDo . =204 20 .: _ o ° 4 °aCF
o oNilGD 94| € L . o
< 1'ographene-@np-Ni . g N,’E‘m : S 2001 : azfé\ Z e o°
T < § =~ & "D et
o MoN,C2 £ -40{< 0 % By s 3 &4 S
F 0.1 o Co-NG = EA0 ® V100 g8 3 2/%
] ) '
core-shell COP@PS/NCNT ST e 0
. 56 7 8 910
0.01% . : -60 —e > , 0- 0 2o
0.3 0.2 -0.1 0.0 08 06 -04 02 00 0 50 100 150 200
E (mV) versus RHE Z' (ohm)

E (V) versus RHE

Figure 6. HER Performances
) Photographs of Pd®/GDY, GDY, and CF, which was used as the working electrode for the HER test.
B) Photograph displaying the flexibility of Pd%/GDY.
C) Photograph of the established three-electrode system.
D) Polarization curves of Pd°/GDY, Pd NP/GDY, GDY, CF, and Pt/C.
E) Overpotentials at 10 mA cm™2 of other recent ACs and several bulk catalysts; see also Tables ST and S2.
F) Mass activity of Pd®/GDY and Pt/C (inset: mass activity collected at overpotentials of 0.05 and 0.2 V).
G) Corresponding Tafel slope of the catalysts in (A).
H) Tafel slopes of other recent ACs and several bulk catalysts; see also Tables S1 and S2.
) TOF values of Pd®/GDY together with those of several recent ACs and bulk catalysts.
) Polarization curves of Pd°/GDY before and after 1,000 cycle tests. Inset: time-dependent current density curve of Pd®/GDY obtained at —58 mV versus
reversible hydrogen electrode (RHE); hydrogen evolution on the Pd%/GDY electrode; see also Figures S10-513.
(K) Nyquist plots of the catalysts; see also Figures S14 and S15 and Table S3.
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(0.227 mA cm™) (Wang et al., 2018), suggesting a more rapid HER rate and an additional kinetic advantage
for Pd°/GDY. Moreover, compared with Pd NP/GDY, the HER process of Pd%/GDY was favorable, confirm-
ing that the enhanced atomic efficiency of ACs could effectively boost the catalytic activity even at a lower
total Pd atom loading. We ascribe this remarkably enhanced HER catalytic activity to the associated inter-
actions between the GDY substrate and the individual Pd atoms.
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Turnover frequency (TOF) is a useful criterion when evaluating the authentic activities of catalysts having
various mass loadings (Wang et al., 2018). Considering that the anchored metal atoms in ACs are separated
adequately from one another, it is reasonable to assume that all the metal atoms would be exposed to the
electrolyte and be catalytically active (see Transparent Methods for details). Each metal atom can be
regarded as an active site. In this case, we estimated the number of active sites for Pd%/GDY to be 5.1 x
10"> em~2; this value is 3.4 times larger than that of Pt(111) (1.5 x 10" cm ™9 (Kibsgaard et al., 2014). At
a value of n of 0.1V (Figure 6l), we calculated the TOF of Pd%/GDY to be 16.7 s~'—a value much higher
than those of Pt/C (11.5s™") (Jaramillo et al., 2007), Pt-GT (7.22 s~ ") (Tiwari et al., 2018), and conventional
single-atom catalysts, including Mo;N;C; (0.262 s~ ") (Chen et al., 2017) and Co-NG (0.101 s~ ") (Hu et al.,
2017). To further evaluate the performance of Pd%/GDY for practical applications, we examined its long-
term stability. Figure 6J displays the results of continuous cycling tests of the Pd®/GDY conducted
from —0.6 V to +0.2 V over 1,000 cycles. After concluding the cycling test, the polarization curve revealed
no variation in current density from that recorded initially. No clusters and particles could be observed on
the surface of the catalyst after the stability test, further excluding the possible aggregation of Pd atoms
(Figure S10). Scanning electron microscopic images (Figure S10) and XPS data (Figures S11-513) indicated
that Pd®/GDY maintained its unique morphological and chemical structures over a long period of time,
confirming its robust structural stability during the HER process. In addition, a chronoamperometric test
performed at a constant overpotential provided almost no decrease in current density over 72 hr, confirm-
ing the reliable stability of Pd%/GDY.

To gain deeper insight into the origin of the high catalytic activity of Pd°/GDY, we collected electrochem-
ical impedance spectroscopy (EIS) data and fitted it to the R(QR) (QR) equivalent circuit model (Figure S14)
containing the uncompensated solution resistance (R;) and the charge transfer resistance (R) (Figures 6K
and S15). The fitted parameters are listed in Table S3. Pd%/GDY exhibited smaller values of R, (4.55 Q) and
Ret (3.37 Q) than those of the pristine GDY (R, = 5.30 Q; R = 30.97 Q) and CF (R, = 6.10 Q; R, = 54.37 Q),
suggesting that the charge transfer behavior of Pd°/GDY toward the HER was the most favorable. EIS data
can also reveal the actual electrocatalytically active surface area (ECSA) of a catalyst, through calculation of
the electrochemical double-layer capacitance (Cyq) (McCrory. et al., 2015; see also Transparent Methods for
details). The values of Cy for Pd%/GDY, GDY, and CF were 0.395, 0.137, and 0.0033 mF, respectively. The
ECSA for Pd%/GDY was 11.29 cm®—that is, it was 2.87 and 112 times larger than those of the pristine GDY
(3.91 cm?) and the CF (0.10 cm?), respectively, indicating much more electrocatalytically active sites of Pd%/
GDY, which might be the main reason of the improvement of the HER kinetics.

DISCUSSION

We have used GDY as a supporting material to synthesize a novel zero-valent Pd single-atom catalyst.
This Pd®/GDY sample exhibited excellent HER activity with a smaller overpotential at 10 mA cm ™2, a bet-
ter mass activity, and a higher TOF than commercial Pt/C (20 wt %). We attributed this excellent HER
activity to the following four factors. (1) The unique and exact chemical and electronic structures of
GDY allow the synthesis of ACs with determined structures and valence states (zero valence), guarantee-
ing reliable HER performance of the catalyst; they also allow us to obtain atomic-level understanding of
the catalytic mechanisms and the rational design of new electrocatalysts. (2) The successful anchoring of
isolated Pd atoms on the GDY maximized the atomic efficiency and the number of active sites available
for the HER. (3) The strong p—d coupling between the Pd atom and the (C1, C2) atoms in the GDY acti-
vated the d electrons from the Pd atom onto the (C1, C2) atoms for effective proton-electron charge ex-
change, leading to a strong energetic preference to adsorb the H atom and lower the reaction energy
barrier, ultimately resulting in a near-zero free energy (AG) for the HER. (4) The porous nature of Pd%/GDY
favored rapid mass transport and gas evolution and ensured sufficient contact between the electrolyte
and the catalyst surfaces. Furthermore, the Pd%/GDY exhibited long-term stability, which we ascribe to
the mechanically and chemically inert nature of GDY and the intimate interactions between the anchored
single Pd atoms and the GDY.

Limitations of Study

Our study demonstrates that the yne-rich GDY and its cavity structure can stabilize zero-valent palladium
atoms through the associated effects. Compared with conventional electrocatalysts, new insights into the
catalytic process and mechanism at the atomic level have been provided theoretically and experimentally.
The electrocatalytic performances of Pd°/GDY ACs are very promising, which are better than that of com-
mercial Pt/C (20 wt %). However, our electrochemical experiments mainly focus on HER in acidic conditions.
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Therefore the application of zero-valent metal atom catalysts in other energy conversion and storage pro-
cess will be necessary to expand the importance of ACs.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods, 15 figures, 3 tables, and 1 video and can be
found with this article online at https://doi.org/10.1016/}.isci.2018.12.006.
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Supplemental Information

Supplemental Figures

Figure S1. Morphology characterization of CF, related to Figure 3.
(A-C) SEM images of CF in different magnifications. The morphology of smooth CF surface is clearly shown.



Figure S2. Morphology characterization of GDY, related to Figure 3.
SEM image of pristine GDY.



Figure S3. Characterization of GDY, related to Figure 3.
TEM image of the pristine GDY nanosheet.



Figure S4. Morphology characterization of Pd%/GDY, related to Figure 3.
SEM image of Pd%GDY, confirming the preservation of nanosheet structure.



Figure S5. Characterization of Pd%GDY, related to Figure 3.
TEM image of Pd%GDY, indicating the absence of aggregated Pd nanoparticles.



Figure S6. Characterization of Pd NP/GDY, related to Figure 3.
The high-resolution TEM image of Pd NP/GDY, demonstrating the successful deposition of Pd nanoparticles onto
GDY substrate.
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Figure S7. Structural analysis of the as-synthesized samples, related to Figure 5.

(A) XRD patterns of Pd%GDY, GDY and CF. The peaks marked with * represent the characteristic peaks of carbon
species. No characteristic peaks of Pd species can be observed in Pd/GDY. (B) The magnified images of the C 1s
at 290.8eV region of Pd%GDY and the pristine GDY.
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Figure S8. Size distribution, related to Figure 4.
Size distribution of Pd atoms of Pd%GDY. The Pd atom size is precisely measured and analyzed from HAADF
images of Pd%GDY.
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Figure S9. Raman spectra of the catalysts, related to Figure 5.
(A) The Raman spectra of Pd%/GDY, GDY and CF. (B) The Raman spectra of Pd%GDY, GDY and CF within

Raman shift from 1800 to 2400 cm™.



Figure S10. SEM images of Pd%GDY after CV cycles, related to Figure 6.
(A) The SEM image of Pd%/GDY loaded on a single carbon fiber; (B) Magnified image from A.
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Figure S11. XPS survey spectrum of Pd%/GDY, related to Figure 6.

XPS survey spectrum of Pd®/GDY after CV cycles. All the elements remain identical with the sample before CV,
indicating the preservation of element composition of Pd®/GDY.
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Figure S12. XPS Pd 3d spectrum of Pd%/GDY after CV cycles, related to Figure 6.

XPS Pd 3d spectrum of Pd%/GDY after CV cycles. The deconvoluted 3ds/, (335.0) and 3ds/, (340.4) peaks indicated
that Pd remained in its metallic state, confirming the valence reliability of Pd%/GDY electrocatalyst.
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Figure S13. XPS C 1s spectrum of Pd%/GDY after CV cycles, related to Figure 6.
XPS C 1s spectrum of Pd%/GDY after CV cycles. Deconvolution indicated the presence of sp-C (285.2 eV), sp?-C
(284.5 eV), C-O (286.6 ¢V), C=0 (288.2 ¢V) and n-n* transition (290.9 eV), demonstrated the maintained
structure and chemical state of GDY network.
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Figure S14. An equivalent circuit model, related to Figure 6.
The R(QR)(QR) equivalent circuit model for fitting and analyzing EIS data.
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Figure S15. Electrochemical impedance spectroscopy results, related to Figure 6.

The fitted image for EIS data. The spheres represent the experimental Nyquist plots, while the lines with
corresponding colors are the fitted results. The inset is the corresponding EIS data in low frequency. The analyzed
data fit well with the original experimental EIS data.



Supplemental Tables

Table S1. Comparison of the HER performance of Pd°/GDY with traditional single-atom catalysts in 0.5 M H,SOs,
related to Figure 6.

Mass loading | Metal fonset | yomacm | Tafel slope | Stability
Catalysts . Reference
(mg cm?) loading | (mV) 2(mV) | (mVdec?) | (cycles)
Pd/GDY 0.207 0.2% 1 55 47 1000 This work
Angew. Chem.
MoiN1C; 0.408 1.32% 48 154 86 1000 Int. Ed. 56,
16086 (2017)
Nat. Commun.
Co-NG 0.285 0.57% 30 147 82
6, 8668 (2015)
ALDPt/NG Nat. Commun.
N/A 2.1% ca.60 29 1000
Ns 7, 13638 (2018)
Nat. Commun.
Fe/GD N/A 0.680% 9 66 37.8 5000
9, 1460 (2018)
. Nat. Commun.
Ni/GD N/A 0.278% 88 45 5000
9, 1460 (2018)
Energy Environ.
Pt-MoS; 0.018 1.7% ca.160 96 5000 Sci. 8, 1594
(2015)
CogSs/1L Adv. Mater. 30,
N/A N/A 95 71 1000
MoS; 1707301 (2018)
Adv. Energy
Pt1@Fe-N-
c 0.4 2.1% 60 42 Mater. 8,
1701345 (2018)
Angew. Chem.
Fe-Ng4
N/A 1.96% 202 123 Int. Ed. 57,
SAs/NPC
8614 (2018)




Table S2. Comparison of the HER performances of Pd%GDY with benchmarked bulk catalysts in 0.5 M H,SOy4,

related to Figure 6.

Tafel

Mass loading Honset 10 mAcm Stability
Catalysts slope (mV Reference
(mg cm?) (mV) 2 (mvV) (cycles)
dec?)
Pd%GDY 0.207 1 55 47 1000 This work
. Energy Environ. Sci.
PtOL/TIO; N/A ca.140 40 3000
10, 2450 (2017)
Adv. Energy Mater. 8,
C00.97V0.03SP 0.28 23 55 50
1702139 (2018)
core=shell Adv. Energy Mater. 8,
N/A 80 53 1000
CoP@PS/NCNT 1702806 (2018)
Nat. Commun. 9, 924
N-WC nanoarray 16 89 75
(2018)
Angew. Chem. Int.
BP/Co,P 0.14 105 ca.250 62
Ed. 57, 2600 (2018)
Adv. Energy Mater. 8,
N@MoPC«-800 0.14 32 108 69.4 1000
1701601 (2018)
. Angew. Chem. Int.
NiP@NPCNFs N/A 52 63.2 56.7 3000
Ed. 57, 1963 (2018)
Adv. Mater. 30,
G@N-MoS; 0.25 243 82 1000

1705110 (2018)




Table S3. The fitted EIS parameters, related to Figure 6.

Catalysts Rs (Q) CPE: (S sec") n: Rct () | CPE2 (S sec") nz R’ ()
Pd%/GDY 4.549 1.127x10* 0.9497 3.367 3.623%10* 0.793 4.422x10*
GDY 5.303 2.175x10* 0.8213 30.97 1.552x10* 0.8513 | 1.508x10°
CF 6.103 3.84x10¢ 0.9707 54.37 3.282x10° 0.8567 | 1.08x10%°




Transparent Methods
Materials

Tetrabutylammonium fluoride (TBAF) was purchased from Alfa Aesar. Hexabromobenzene was brought from
J&K Scientific. Toluene and tetrahydrofuran (THF) were refluxed with sodium pieces for sufficient time in order
to remove the remaining water. All other reagents were purchased from Sinopharm Chemical Reagent Co., Ltd.,
and used without further purification unless specifically mentioned. The water used for all experiment was purified
with a Millipore system. All the chemicals were of chemical grade and were used as received without further
purification.

Preparation of GDY

GDY was synthesized following the previously reported method with minor modification. Several pieces of copper
foil and commercial carbon cloth (CC) were added into a three-necked flask containing 100 mL pyridine. The
reactor was kept at 110 °C for 2 hours for the adequate release of catalytic active Cu(l) ions and its sufficient
adsorption onto CC. Subsequently, 30 mg HEB was dissolved in 50 mL pyridine and added very slowly into the
above flask. The cross-coupling reaction proceeded in the protection of Ar atmosphere at 110 C° in dark. After 3
days, the CC loaded with GDY nanosheet was move out and cleaned with hot acetone and DMF, then thoroughly
cleaned with KOH (4 M), HCI (6 M), KOH (4 M) and deionized water in sequence to get rid of the residual copper.
The 3D flexible GDY substrate was successfully obtained for the preparation of ACs and subsequent
electrochemical tests.

Preparation of Pd®/GDY

The as prepared GDY substrate was fixed on an electrode clip as working electrode, together with a graphite
counter electrode and a saturate calomel reference electrode to establish a three electrode system. The
electrochemical deposition was conducted by immersing the GDY electrode into PdClI; solution (0.2 mM; 0.5 M
H,S0;, as solvent) and immediately subject to galvanostatic conditions at a current density of 2 mA cm-? for 10 s
using an electrochemical workstation (CHI. 660D, Shanghai CH. Instruments, China). The Pd%GDY was
successfully prepared and washed with H2SO4 (0.5 M), deionized water and H2SO4 (0.5 M) sequentially, then used
for electrochemical measurements immediately. The Pd NP/GDY was synthesized using the electrochemical
deposition method. Briefly, the as prepared GDY substrate was used as working electrode, together with a graphite
counter electrode and a saturate calomel reference electrode to establish a three electrode system. The GDY
electrode was immersed into PdCl, solution (1.0 mM; 0.5 M H,SO, as solvent) and immediately subject to
galvanostatic conditions at a current density of 2 mA cm for 100 s. The obtained sample was washed thoroughly
using H2SO4 (0.5 M) and used for electrochemical measurements immediately.

Calculation setup

We performed the density functional theory (DFT) calculations based on the CASTEP code (Clark et al., 2005).
For the electronic orbital potential projection calculations, the related calculations are carried out by recently
developed ab-initio orbital self-energy minimization technique (Huang., 2016; Huang., 2016; Huang., 2017;
Huang., 2016). This method provides the detail of the self-consistent determination process for the orbital
parameters with best matching the specific chemical bonding environment of the given solid materials systems.
The on-site electronic orbital negativity induced potential and screened pseudo-charge perturbation induced
potential will both be simultaneously projected under the targeted bonding cases. Our related coding technique has
been compiled within the simple rotationally invariant DFT+U framework imbedded within the CASTEP source
code (Vladimir et al., 1997). The C-2p orbital Hubbard U response is self-consistently performed based on the



Broyden-Fletcher-Goldfarb-Shannon (BFGS) geometry optimization algorithm. The PBE functional is chosen and
related plane wave basis set cut-off energy is set at the 750 eV based on a Monkhost-Pack k-point mesh of 4>4>2,
The ensemble DFT (EDFT) has been used for improving the electronic minimization to overcome the spurious
spin-charge perturbation seen in density-mixing scheme (Marzari et al., 1997). The convergence tolerance of total
energy calculation is determined at 5.0 x 107eV/atom with ionic force minimization level of 0.001 eV/ A by
Hellmann-Feynman theorem.

The Pd, C, and H norm-conserving pseudopotentials are generated using the OPIUM code in the Kleinman-
Bylander projector form (Kleinman et al., 1982), and the non-linear partial core correction for the Pd valence
electrons (Louise et al., 1982) and a scalar relativistic averaging scheme (Grinberg et al., 2000) are selected to treat
the spin-orbital coupling effect. We chose the (4d, 5s, 5p), (2s, 2p), (1s) states as the valence states of Pd, C, and
H atoms respectively. The RRKJ method is chosen for the optimization of the pseudopotentials (Rappe et al.,
1990).The Hubbard U parameters on the Pd-4d orbitals is self-consistently to be Uq=7.56€V.

Characterizations

Scanning electron microscopy (SEM) images were collected using an S-4800 field emission scanning electron
microscope. Transmission electron microscopy (TEM), high resolution transmission electron microscopy
(HRTEM) and EDX mapping results were carried out on a JEM-2100F electron microscope operating at 200 kV.
X-ray diffraction (XRD) was conducted on a Japan Rigaku D/max-2500 rotation anode X-ray diffractometer using
Cu Ko radiation (A = 1.54178 A). Raman spectra were obtained by e a Renishaw-2000 Raman spectrometer
exploiting a 514.5 nm excitation laser source. And a Thermo Scientific ESCALab 250Xi instrument with
monochromatic Al Ko X-ray radiation was used to perform the X-ray photoelectron spectroscope (XPS)
measurement. Sub-&ngstrém-resolution high-angle annular dark-field (FAADF) scanning transmission electron
microscopy (STEM) images were obtained on aberration-corrected cubed FET Titan Cubed Themis G2 300 or
JEM-ARM200F (JEOL, Tokyo, Japan) TEM/STEM operated at 200 kV with cold field-emission gun and double
hexapole Cs correctors (CEOS GmbH, Heidelberg, Germany).

Electrochemical studies

All electrochemical experiments were performed using an electrochemical workstation (CHI. 660D, Shanghai CH.
Instruments, China) with a typical three-electrode system. The as-prepared catalysts were used as working
electrode; a graphite rod and saturated calomel electrode (SCE) was employed as the counter electrode and
reference electrode, respectively. We used 0.5 M H,SO. (saturated with Hy) as the electrolyte. Linear sweep
voltammetry (LSV) measurements were conducted out at a scan rate of 1 mV s and cyclic voltammograms (CV)
measurements were performed within a range of -0.7 to 0 V at a scan rate of 100 mV s. EIS data were gathered
a frequency range from 0.1 to 100000 Hz at corresponding open circuit voltage. The chronoamperometric test
result was carried out at a constant overpotential to reach an initial current density of 10 mA cm-2. All the potentials
acquired were compensated by impedance and calibrated to the reversible hydrogen electrode (RHE).
Calculation of active sites and turn over frequency (TOF)

The TOF value of Pd%/GDY can be obtained following the equation:

TOF total hydrogen tunover per geometrica area

active sites per geomtric area
The total hydrogen turnovers were calculated from the current density given from LSV curves in different
overpotential according to the following equation:



total hydrogen tunovers

(_ mA)< 1C/s )( 1 mol e” >(1 mol H2> (6.022 x 1023 molecules Hz)
=\J

cm?/ \ 100 mA /\96485.3 C/ \2 mol e~ 1 mol H,
H,/s mA
=3.12 x 10152—/2per—2
cm cm

Since the Pd%/GDY fulfilled the maximum palladium atom efficiency, it was reasonable to assume that all the
individual Pd atoms anchored on GDY could serve as active centers during HER process. Thus the active site can
be calculated according to the ICP-MS result:
mass loading (Pd) X catalystloading per geometric area (g/cm?)\ /6.022 x 1023
Pd Mw (g/mol) ) ( 1 mol Pd )
0.2% % 0.45 x 1073(g/cm?)\ /6.022 x 1023
N ( 106.42 (g/mol) ) < 1 mol Pd
The current density was obtained from LSV curve. Therefore, the TOF value was calculated according to the

active sites (Pd) = (

) = 5.1 x 10%° sites per cm?

following equation:
TOFpao/6py = (M xj) =0.612 X j
5.1 x 1015
Calculation of mass loading
The mass activity can be calculated according to the equation:

. _ jgeometrical
Jmass = Mioading

in which jgeometrica IS the geometrical current density directly obtained from LSV curve, while Migading iS the
catalytically active Pd loading per geometric area calculated form ICP-MS result.

Calculation of double layer capacitance (Cq) and electrochemical active surface area (ECSA)

The Cq values are obtained based on the collected EIS data according to the following equation:

Yn
Q (Y/n)

(R + R

Ca =

Where Rs is the uncompensated solution resistance; R’ is the catalytic charge transfer resistance and Q’ represents
the influence of double layer capacitance. All these impendence parameters are listed in Table S2.
The ECSA values are collected from Cq according to the equation:
ECSA = CC—‘Zl
The specific capacitance (Cs) of the catalysts is generally considered to be 0.035 mF cm™ in acidic working media
according to peer recognition in reported studies.
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