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In this study, the morphological distribution of Ru on nitrogen-doped graphene (NG) could be rationally regulated via mod-
ulating the combination mode between Ru precursor and the zeolite imidazolate framework-8 (ZIF-8). The cation exchange and
host-guest strategies respectively resulted in two different combination modes between Ru precursor and ZIF-8 anchored on
graphene. Following pyrolysis of the above precursors, Ru single-atom sites (SASs) with and without Ru nanoparticles (NPs)
were formed selectively on NG (denoted as Ru SASs+NPs/NG and Ru SASs/NG, respectively). Ru SASs+NPs/NG exhibited
excellent hydrogen evolution reaction (HER) performance in alkaline solutions (77,,=12 mV, 12.57 A mgflRu at 100 mV), which
is much better than Ru SASs/NG. The experimental and theoretical study revealed that Ru SASs could adsorb hydrogen with
optimal adsorption strength, while Ru NPs could lower the barrier of water molecule dissociation, and thus Ru SASs and Ru NPs

could synergistically promote the catalytic performance of HER in alkaline solutions.
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1 Introduction

As one of the renewable energy resources, exhibiting high
energy density and non-polluting characteristics, hydrogen is
regarded as an essential candidate to address the depletion of
fossil fuel resources and remediate the various environ-
mental issues [1-6]. Here, water splitting is regarded as a
potential avenue to generate high-purity hydrogen on a large
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scale [7]. The water splitting is consisted of the hydrogen
evolution reaction (HER) and the oxygen evolution reaction
(OER). Given that few OER catalysts composed of transition
metal can remain stable in highly corrosive acidic environ-
ments under oxidizing potentials [8—11], water splitting in
alkaline solutions remains the preference for industrial ap-
plications. Thus, exploring alkaline-based HER electro-
catalysts is of great interest [12,13].

Alkaline-based HER is energy-intensive, and even when
using the most active catalysts (e.g., platinum [Pt]), it is two
or three orders of magnitude less efficient than that under
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acidic conditions [14,15]. This issue is because of the fact
that the HER in alkaline solutions involves water dissocia-
tion for the release of protons, and overcoming the barrier of
water dissociation remains a challenging pursuit [16—19].
Moreover, although Pt, ruthenium (Ru), and iridium (Ir) have
been recognized as efficient HER catalysts because of their
moderate M—H bonding, their practical availabilities are
hindered by their high-cost and comparative scarcity [20].
Meanwhile, how to reduce the precious metal loading
without sacrificing the catalytic activity remains the main
challenge.

Consequently, single-atom catalysts (SACs) received great
attention because of their ultra-high atom utilization and
ultra-low metal loading [21-23]. Ultra-thin two-dimensional
(2D) nanomaterials such as graphene and MXenes are ideal
substrates for loading single atomic sites due to their large
specific surface area, excellent electronic conductivity, and
outstanding resistance to corrosion [24]. Certain transition-
metal-based SACs have also been found to present out-
standing HER activity, which originates from the co-
ordinative unsaturated metallic sites [25-30]. In brief, these
SACs are composed mainly of an MN, (M represents the
metal element) structure with appropriate hydrogen adsorp-
tion/desorption strength (AGy+). However, for the most part,
these SACs are applied commonly in acidic solutions, and
few studies have considered their HER activity in alkaline
solutions. The reasons are summarized as follow: Generally,
the HER in acidic solutions involves the direct adsorption
and reduction of protons at MN, sites which usually exhibits
high catalytic activity due to the feature of unsaturated co-
ordinative structure. However, the situation in alkaline so-
lutions is quite complicated. The foremost is accelerating
water adsorption and dissociation at appropriate sites to re-
lease protons [31-33]. Subsequently, the generated two ad-
sorbed species of H* and OH* require at least two adsorption
sites, and H* should be adsorbed on catalytic sites to be
converted to hydrogen. SACs featured by solely isolated
atomic sites do not meet this crucial requirement. Therefore,
rational design of active sites for water dissociation on the
SACs is the key to solving the above dilemma.

Herein, we utilized metal organic framework-assisted
pyrolysis to regulate the morphological distribution of Ru
anchored on nitrogen-doped graphene (NG). Using the ca-
tion exchange and the host-guest strategies to render Ru’*
anchored onto the zeolite imidazolate framework-8 (ZIF-8),
we found that the morphological distribution of Ru on gra-
phene is related to the combination mode between the Ru’*
and the ZIF-8. Following pyrolysis of the precursors, Ru
single-atom sites (SASs) with and without Ru nanoparticles
(NPs) were formed exclusively on NG (denoted as Ru SASs
+NPs/NG and Ru SASs/NG, respectively). Overall, as pre-
pared Ru SASs+NPs/NG with the mole ratio of SASs to NPs
approximate to 1:1 exhibited extremely high catalytic ac-
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tivity in 1 M KOH solution, which is superior to Ru SASs/NG,
Ru NPs/NG, commercial Pt/C (20 wt%), and Ru/C (5 wt%).
Meanwhile, the density functional theory (DFT) study de-
monstrated that Ru NPs not only worked as active sites for
promoting water dissociation to generate H* adsorbed on Ru
SASs but also optimized the adsorption/desorption strength
of H* on Ru SASs, thus greatly accelerating the HER pro-
cess.

2 Experimental

2.1 Materials

All the chemical reagents were purchased from Aladdin.
Single-layer graphene was produced from Shenzhen Eigen-
Equation Graphene Technology Co., Ltd. (Shenzhen, China)
and synthesized from liquid acrylonitrile homopolymer.

2.2 Catalyst preparation

For the synthesis of Ru SASs+NPs/NG, first, 40 mg of
graphene was dispersed in 20 mL of methanol, with the ad-
dition of 224 mg of Zn(NO;),"6H,0 during ultrasonic
treatment for 30 min to achieve a uniformed dispersion.
Another sample of 20 mL methanol containing 246 mg of
dimethylimidazole was slowly injected into the as-obtained
dispersion, which was then stirred magnetically for 12 h to
achieve a ZIF-8 anchored on the graphene. The resulting
product ZIF-8/G was collected by centrifugation after being
washed with methanol several times and was then re-dis-
persed in 30 mL methanol. Following this, 120 pL of
RuCl;-3H,0 (20 g/L) was added to the ZIF-8/G dispersion.
After being stirred magnetically for 3 h, the Ru-ZIF-8/G was
harvested by centrifugation after being washed with metha-
nol (the supernatant liquor was almost colourless, indicating
that all of Ru’" ions have been anchored on ZIF -8). The Ru-
ZIF-8/G was then placed in a tube furnace and heated to
400 °C at a heating rate of 5 °C/min for 1 h, before being
heated to 900 °C for 2 h under inert gas. The Ru SASs+NPs/
NG was thus synthesized. The series Ru percentages of Ru
SASs+NPs/NG samples were synthesized by adding differ-
ent volumes of RuCl; (Table S1, Supporting Information
online).

For the synthesis of Ru SASs/NG, first, 40 mg of graphene
was dispersed in 20 mL of methanol, with the addition of
224 mg of Zn(NO;),6H,0 and 100 mg of Ru acet-
ylacetonates (Ru[acac];). The above solution was transferred
for ultrasonic treatment for 30 min to achieve a homo-
geneous dispersion. Another 20 mL solution of methanol
containing 246 mg of dimethylimidazole was dispensed into
the as-obtained dispersion and was stirred magnetically for
12 h, whereupon Ru(acac); was encapsulated into the ZIF-8
anchored on graphene (Ru@ZIF-8/G). The Ru@ZIF-8/G
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was washed with methanol then harvested by centrifugation
for several times (the supernatant liquor was red, indicating
that Ru(acac); was excess, and only small amount of
Ru(acac); was encapsulated into the ZIF-8). Ru SASs/NG
was synthesized following pyrolysis, using the same process
as that used for the Ru SASs+NPs/NG.

In terms of the synthesis of NG, the same process was used
as that of Ru SASs+NPs/NG, with the exception of the ad-
dition of Ru precursor. For synthesis of Ru NPs/NG, NG was
dispersed into H,O under supersonic to form a uniform
dispersion, and then certain of RuCl; was mixed into the NG
dispersion. Subsequently, exceeded NaBH, was added into
above solution during magnetic stirring to guarantee that
RuCl; had been reduced thoroughly. After filtration and
drying in vacuum, Ru NPs/NG was prepared.

2.3 Catalyst characterization

Field emission scanning electron microscopy (FE-SEM,
JSM-7800F), transmission electron microscopy (TEM,
JEOL-F200) and scanning transmission electron microscope
(FEI Titan Cubed Themis G2 300) were used for morphol-
ogies observation. X-ray photoelectron spectroscopy (XPS,
ESCALAB 250) with C 1s calibrated to 284.4 ¢V was used
for chemical state analyses. The metal loading of samples
was detected by inductively coupled plasma-mass spectro-
metry (ICP-MS, TJA IRIS (HR)). Raman spectroscopy
(Renishaw, inVia) was used for characterization of graphene.
Meanwhile, the X-ray near edge absorption structure
(XANES) measurements of the Ru K-edges was performed
using the hard X-ray microanalysis beamline by a solid-state
detector with fluorescence yield, and the Ru powder spectra
for comparison and for monochromatic energy calibration.

2.4 Electrochemical measurements

The catalytic performance was evaluated using a CHI660E
electrochemical analyzer (CH Instruments, Inc., Shanghai)
in the reversible hydrogen electrode, in which glass carbon
(GC) electrode, graphite rod and saturated calomel electrode
(SCE) were used as working electrode, counter electrode and
reference electrode, respectively. All the potentials were
calibrated to the reversible hydrogen electrode (Eruyr=
Egcgt1.068 V). Finally, the linear sweep voltammetry
(LSV) measurements were corrected using iR compensation.
The loading of the catalyst on the GC electrode was
0.707 mg cm .

The electrochemically active surface area (ECSA) and
active site density could be obtained through an analysis of
the copper underpotential deposition (Cu-upd) method,
which was validated successfully for the Ru-Pt surfaces. The
detailed performance steps and the calculation method are
outlined below [34,35].
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Step 1: The CV curves of the catalyst were recorded as the
background at the potential range of 0.23—0.7 V vs. RHE in
0.25 M H,SO, at a scan rate of 10 mV s ' for Ru SASs+NPs/
NG and Ru SASs/NG.

Step 2: The CV curves in the 0.25 M H,SO,+10 mM
CuSO, solution were recorded at the above potential range
and scan rate. The Cu-upd was commenced at ~0.45 V and
lasted to ~0.23 V at the cathodic scan. The as-formed Cu-upd
adlayer was stripped during the positive scan.

Step 3: The number of active Ru sites could be calculated
by integrating the Cu-upd adlayer stripping area, which was
determined by subtracting the background measured in
0.25 M H,SO, solution.

Step 4: For P/C and Ru/C, the CV curves were recorded at the
potential range of 0.23—-0.9 V and —0.07-0.45 V, respectively.

Step 5: Assuming a value of 420 uC cm ” for a saturated
Cu-upd monolayer formation on active metal sites, the
ECSA could be calibrated using the following equation:

_ O

ECSA = Mpy o p <420 pC cm 2 (M
where M is the mass loading of the metal on a certain geo-
metric area of the working electrode.

Step 6: The active sites was quantified by the coulombic
integration of the Cu-upd adlayer stripping.

The turnover frequency (TOF) value could finally be cal-
culated using the following formula:

TOF =JA/2Fm )

where the TOF is based on the number of redox-active sites,
J is the current density at a certain overpotential, 4 is the area
of the electrode, 2 indicates the moles of electrons consumed
for the evolution of one mole of H, from H,O, F is the
Faraday constant, and m is the number of moles of the active
sites.

2.5 DFT calculations

The principle calculations in the DFT framework were
conducted based on the Cambridge Sequential Total Energy
Package (CASTEP) [36]. The interaction of electrons was
elucidated using exchange-correlation functional under the
generalized gradient approximation (GGA) [37]. The con-
vergence was investigated with a k-point of 5x5x1 and an
energy cutoff located at 750eV (force tolerance:
0.01 eV A", energy tolerance: 5.0x10 ' eV per atom, and
maximum displacement: 5.0x10°" A). All of atoms in the
storage models were not constrained with enthalpy. To avoid
interactions of neighboring images, vacuum space (z direc-
tion) was set to 15 A. All calculations underwent the Grimme
method for DFT-D2 correction [38].
The adsorption energy of H was expressed as follows:

AE = E*,~(E*+Ey) (3)
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where the adsorption of the H atom on the substrates, the
bare substrates and half the energy of H, were presented as
*H, * and Ey, respectively.

The free energy change AG of the reaction was calculated
as the difference between the free energies of the initial and
final states, as shown below:

AG = AE + AZPE — TAS (4)

where E presents the energy calculated by DFT, ZPE denotes
the zero-point energy, and the entropy is presented as S.
AZPE-TAS=0.24 eV [21], AG=AE+0.24 eV.

2.6 Ab initio molecular dynamics (AIMD) simulation

The Vienna ab initio simulation package was conducted in
all the first-principle spin-polarized models [39,40]. GGA
[41] with Perdew-Burke-Ernzerhof functional [42], plane-
wave basis set (cutoff energy: 500 eV) and projector aug-
mented wave method were conducted to elucidate ion-elec-
tron interactions. Meanwhile, the convergence threshold was
set as 10 eV and 5x10° eV A, respectively, during the
structure relaxation. DFT+D3 method was used for the weak
interaction simulation [43]. Here, supercells were composed
of 6x7x1 graphene unit cells, whereas the Brillouin zones
were sampled using Monkhorst-Pack k-point mesh with a
3x3x1 k-point grid. A vacuum space exceeding 15 A was
used to avoid the interaction between two periodic units. For
the initial AIMD structure, a Ru, cluster was placed above
the hexagonal hole of the graphene.

3 Results and discussion

3.1 Morphology and structure

As depicted in Scheme 1, Ru SASs+NPs/NG and Ru SASs/
NG were synthesized using the cation exchange strategy and
the host-guest strategy, respectively. For the cation exchange
strategy, ZIF-8 was fabricated on graphene before the Zn™ in
the nodes of ZIF-8 was exchanged with Ru’", as the stronger
coordinative ability of Ru’" ions ensured that the resulting
Ru was coordinated within the skeleton of the ZIF-8 (de-
noted as Ru-ZIF-8/G), and the amount of Ru anchored to
ZIF-8 increased with the increase of Ru’* feeding. Here
120 pL of RuCl; solution was added, and the corresponding
sample was selected as a representation for further char-
acterization. Meanwhile, for the host-guest strategy, based on
the prerequisite that ZIF-8 with a cavity diameter of 11.6 A
serves as the host and the Ru(acac); molecule with a dia-
meter of ~10.4 A acts as the guest, Ru(acac), could be en-
capsulated into the cavities of the ZIF-8 to form Ru@ZIF-8/
G during the growing process of the ZIF-8 [44], and ZIF-8
could be saturated by a certain amount of Ru(acac); (dif-
ferent combination modes between Ru precursor and ZIF-8

are illustrated by the Fourier transform infrared (FTIR)
spectra in Figure S2 in the Supporting Information online).
Following this, the Ru-ZIF-8/G and Ru@ZIF-8/G were
pyrolyzed at 900 °C, with the resulting ZIF-8 completely
integrated into the graphene matrix (Figures S3 and S4),
eventually forming Ru SASs with and without Ru NPs an-
chored on the NG (denoted as Ru SASs+NPs/NG and Ru
SASs/NG, respectively). As a result, ZIF-8 was integrated
into the graphene matrix during pyrolysis even in the absence
of Ru species (Figure S5), which is in agreement with the
previous studies [45,46], whereas the derived carbon re-
mained when annealing Ru-ZIF-8 and Ru@ZIF-8 without
graphene (Figures S6 and S7).

The morphology and structure were characterized by SEM
and TEM. The SEM and TEM images of the Ru SASs+NPs/
NG indicated that Ru NPs with a diameter of about 2 nm
were uniformly anchored on NG without any residual
polyhedron derived from the ZIF-8 (Figure 1a, b), suggesting
that the ZIF-8 was completely integrated into the graphene
matrix to form NG. The lattice spaces of the Ru NPs were
estimated to be ~0.21 nm and could be assigned to the (002)
facet of the hexagonal Ru (PDF-#06-0663) (Figure lc).
Meanwhile, the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) imaging
and the corresponding energy-dispersive X-ray spectroscopy
(EDS) mapping demonstrated that C, N, and Ru elements
were distributed within the graphene matrix (Figure 1d). The
aberration-corrected HAADF-STEM (AC HAADF-STEM)
imaging with low magnification confirmed that the Ru NPs
were dispersed uniformly (Figure 1e). Furthermore, the high-
magnification images revealed that dense Ru SASs sur-
rounded the Ru NPs (Figure 1f), indicating the formation of
Ru SASs combined with Ru NPs. In terms of the Ru SASs/
NG, the TEM and HR-TEM images suggested the presence
of a graphene matrix with an absence of NPs (Figure 1g, h),
whereas the AC HAADF-STEM images revealed discrete
bright dots on the graphene matrix (Figure 1i), and the EDS
mapping indicated that C and N elements were uniformly
distributed but Ru was barely detected (Figure S8), sug-
gesting that Ru SASs were successfully synthesized.

The mass percentage of Ru was measured using ICP-MS.
For the host-guest strategy, Ru(acac); was excess to guar-
antee that ZIF-8 has been saturated with Ru(acac);. The
loading of Ru in the Ru SASs/NG was determined to be
0.24 wt%, suggesting that only small amount of Ru(acac);
could be encapsulated in the cavities of ZIF-8, which is
consistent with literature report [43]. For the cation exchange
strategy, the amount of Ru anchored on the sample increased
with the increase of Ru’" feeding because Ru’" could ex-
change the Zn” persistently. By feeding various amounts of
RuCl;, a series of Ru SASs+NPs/NG with Ru percentages
ranging from 0.07 wt% to 1.91 wt% could be synthesized
(listed in Table S1), and the representative sample with a
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Cation exchange strategy

Scheme 1

120 pLL RuCl; solution was determined to be 1.21 wt%. In
the TEM images of the above series (Figures S9-S13), the
Ru NPs could be clearly observed, even if the Ru percentage
of the Ru SASs+NPs/NG was as low as 0.07 wt% (even
lower than that of Ru SASs/NG). This phenomenon implies
that the cation exchange pyrolysis strategy is likely to ex-
clusively form an Ru SASs+NPs structure, verifying that the
morphological distribution of Ru on NG could be regulated
by a different interaction between the Ru precursor and the
ZIF-8. Moreover, the pyrolysis temperature affected the
morphology of the Ru in the Ru SASs+NPs/NG (Figures S14
and S15).

The X-ray diffraction (XRD) patterns are depicted in
Figure 2a. The absence of diffraction for ZIF-8 and Zn
species verified that ZIF-8 had been decomposed and Zn had
been vapored during pyrolysis. The Ru SASs+NPs/NG and
Ru SASs/NG exhibited no clear diffraction for Ru species,
but typical broad peaks of graphene at around 26.3° and
44 .3°, indicating an absence of large Ru NPs in the Ru SASs/
NG and Ru SASs+NPs/NG. X-ray photoelectron spectro-
scopy (XPS) was also implemented for further examinations
of the chemical state. Figure 2b suggested that nitrogen was
introduced by decomposition of ZIF-8, and Ru SASs+NPs/
NG and Ru SASs/NG exhibited peaks of Ru, N, O, and C
elements. The high-resolution N 1s spectra could be fitted
into four specific peaks: pyridinic N (398 eV), pyrrolic N/
Ru-N, (399400 eV), graphitic N (401 eV), and oxidized N
(403.9 eV) (Figure 2c) [47,48]. Meanwhile, the high-re-
solution Ru 3p spectra of the Ru SASs+NPs/NG (Figure 2d)
could be fitted into four peaks, 461.9 and 483.8 eV for Ruo,
and 464.9 and 486.4 eV for Ru-N, [47,48], suggesting the
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Synthetic scheme of Ru SASs+NPs/NG and Ru SASs/NG (color online).

coexistence of Ru SASs and Ru NPs. However, the Ru signal
could not be resolved in the Ru SASs/NG because of the
ultra-low loading.

X-ray absorption fine structure (XAFS) studies were per-
formed at the 1W1B station of Beijing Synchrotron Radia-
tion Facility (BSRF) to further illuminate the valence state
and coordination structure of Ru. The X-ray absorption near-
edge structures (XANES) of Ru K-edge of Ru SASs+NPs/
NG and Ru SASs/NG demonstrated that their white line
intensities and positions lay between RuO, and Ru powder
(Figure 2e and Figure S16), confirming that the average
oxidation states of the Ru in Ru SASs+NPs/NG and Ru
SASs/NG were between 0 and +4. Meanwhile, Figure 2f
presents the Fourier transformed extended X-ray absorption
fine structure (FT-EXAFS). In terms of the Ru SASs/NG,
only one dominating peak at the first coordinative shell as-
cribed to the Ru-N pathway could be identified. The absence
of Ru-Ru pathway indicated that all the Ru atoms in Ru
SASs/NG in single-atom form were coordinated with the N
ligands. With regard to the Ru SASs+NPs/NG, two primary
peaks ascribed to the Ru-N pathway at the first coordinative
shell and the Ru-Ru pathway at the second coordinative shell
could be identified, verifying the coexistence of Ru SASs
and Ru NPs in Ru SASs+NPs/NG. The wavelet transfor-
mation (WT) of the Ru K-edge (Figure S18) further con-
firmed the above results. Meanwhile, the fitting result
indicated that the coordinative number of the Ru-N in Ru
SASs/NG was 4 (Figure S19 and Table S2), suggesting that
the Ru SASs was likely to take the form of a typical planar
RuN, motif (Figure S20). Given the coexistence of Ru SASs
and Ru NPs, the chemical structure of the Ru SASs+NPs/NG
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Figure 1 (a) SEM image, (b) low- and (c) high-magnification TEM images of the Ru SASs+NPs/NG; (d) EDS mapping of C, N, and Ru in the Ru SASs
+NPs/NG; AC HAADF-STEM images of the Ru SASs+NPs/NG with (e) low- and (f) high-magnification, the bright dots densely dispersing around the Ru
NPs represent Ru SASs (the scale bar in (f) is 5 nm); (g) low- and (h) high-magnification TEM images; (i) AC HAADF-STEM image of the Ru SASs/NG

(color online).

could be inferred accordingly, as shown in Figure 2g. To
further confirm the above structure, linear combination fit-
ting (LCF) analysis was utilized. As shown in Figure 2h, the
XANES of Ru SASs+NPs/NG could be perfectly fitted by
utilizing the XANES of Ru SASs/NG and Ru powder as
parents. This result unquestionably confirmed that Ru SASs
+NPs/NG was composed of RuNj sites and Ru NPs. In terms
of quantification, the molar ratio of the RuNj sites and the Ru
NPs in Ru SASs+NPs/NG was determined to be 0.52 and
0.48, respectively (close to 1:1), using LCF analysis.
Furthermore, AIMD simulation [49] was used to demon-
strate the inevitability of RuN, formation in Ru SASs+NPs/
NG. As shown in Figure 21i, single Ru atoms tended to diffuse
from the metallic Ru to the graphene and become embedded
into a neighboring N, vacancy at 900 °C. After the formation
of RuN,, the total energy decreased relatively to the initial
state of an isolated N, vacancy and metallic Ru. Generally,
this is the driving force of the spontaneous formation of

RuN,. The AIMD simulation also suggested that this process
requires only hundreds of femtoseconds (10712 s). Overall,
the above experimental and simulation results indicated that
the formation of single-atom sites of RuN, is both sponta-
neous and inevitable during the pyrolysis of NG and Ru NPs.

For comparision, Ru nanoparticle grown on NG (denoted
as Ru NPs/NG) with ~1.21 wt% of Ru was also synthesized
by chemical reduction (experimental details are shown
in Section 2.3). TEM images in Figure S21a, b suggests that
Ru NPs with a diameter of 2—5 nm were dispersed on NG.
Ru SASs cannot be observed in AC HAADF-STEM
image (Figure S21c¢), and thus Ru NPs/NG was successfully
synthesized. The XRD pattern of Ru NPs/NG (Figure S22)
exhibited no clear diffraction for the Ru species, indicating
an absence of large Ru NPs. And XPS results (Figure S23)
also verified that Ru has been thoroughly reduced. Thus,
Ru NPs/NG as a counterpart also has been successfully
fabricated.
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Figure 2 (a) XRD patterns of Ru SASs+NPs/NG, Ru SASs/NG, NG and graphene; XPS of (b) survey, (c) N 1s and (d) Ru 3p of samples; (¢) XANES
spectra and (f) FT-EXAFS of Ru K-edge for Ru SASs+NPs/NG, Ru SASs/NG, RuO, and Ru powder; (g) schematic structure of RuN, and Ru NPs in Ru
SASs+NPs/NG; (h) LCF of Ru K-edge of Ru SASs+NPs/NG; (i) molecular dynamics simulation showing the formation of a RuN, site from Ru NPs at

900 °C (color online).

3.2 Electrochemical performances

The HER activity of different loadings of Ru species and
pyrolysis temperature was explored using LSV at a scan rate
of 2mV s ina 1 M KOH solution. Among the Ru SASs
+NPs/NG samples with different loadings of Ru, the catalyst
with a loading of 1.21 wt% Ru species represented the most
optimal catalytic activity (Figure S24). As depicted in Fig-
ures S9—S12 and Figure 1, the diameter of Ru and NPs
became large when the loading of Ru is higher than 1.21 wt%,
indicating that higher loading induced aggregation of Ru and
thus reduced the metallic utilization. So Ru SASs+NPs/NG
with 1.21 wt% Ru presented optimal loading and metallic
utilization to guarantee optimal catalytic activity, which was
selected to further study the alkaline HER activity. As shown
in Figure 3a, NG was HER inert, and the Ru SASs+NPs/NG
required only 12 mV for achieving 10 mA cm *, which was
obviously lower than that of the Ru SASs/NG (190 mV) and
even better than that of commercial 20 wt% Pt/C (24 mV)
and 5 wt% Ru/C (35 mV). Furthermore, Tafel slopes were
used to characterize the HER kinetics and mechanism of the

Ru SASs+NPs/NG, Ru SASs/NG, Pt/C and Ru/C. As shown
in Figure 3b, the Ru SASs+NPs/NG presented a Tafel slope
of 36.6 mV decfl, which was much lower than that of the Ru
SASs/NG (117.1 mV dec ') and Ru/C (77.5 mV dec '), but
in close proximity to that of the Pt/C (34.28 mV dec ),
demonstrating that Ru SASs+NPs/NG presented the fastest
reactive kinetics. The exchange current density of Ru SASs
+NPs/NG (4.76 mA cm °) also transcended that of Pt/C
(4.10 mA cmﬁz). This catalytic activity of Ru SASs+NPs/NG
surpassed that of most state-of-the-art precious-metal-based
electrocatalysts (Figure 3c and Table S3).

It is important to further understand the origination of in-
trinsic catalytic activity. Here, the activity comparison of Ru
SASs+NPs/NG and Ru SASs+NPs (Figure S25) suggested
that the graphene matrix is crucial for the HER activity be-
cause of the excellent electronic conductivity that graphene
provides. Here, SCN was used to block the Ru site (in-
cluding the metallic sites and SASs) to confirm the activity
origination [36]. As shown in Figure S26, a large current
density decay was observed toward Ru SASs+NPs/NG and
Ru SASs/NG when SCN was added to the electrolyte,
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Figure 3 (a) LSV curves of the Ru SASs+NPs/NG, Ru SASs/NG, Pt/C, Ru/C and NG with scan rate at 2 mV s following iR correction; (b) Tafel plots of
the Ru SASs+NPs/NG, Ru SASs/NG, Pt/C and Ru/C; (c) catalytic activity comparison of Ru SASs+NPs/NG and state-of-the-art precious-metal-based
electrocatalysts; (d) LSV curves of the Ru SASs+NPs/NG, Pt/C and Ru/C with scan rate at 2 mV s (normalized to the mass of precious metal); (¢) TOF
curves and (f) electrochemical impedance spectroscopy (EIS) plots at —0.1 V vs. RHE of the Ru SASs+NPs/NG, Ru SASs/NG, Pt/C and Ru/C; (g) E-f curves
of the Ru SASs+NPs/NG, Ru SASs/NG, Pt/C and Ru/C at a current density of 10 mA em? (insert graphs: LSV curves of the SASs+NPs/NG, Ru SASs/NG,

Pt/C and Ru/C respectively, before and after 5,000 CVs) (color online).

suggesting that the main active sites were likely to be Ru.
Therefore, the catalytic processes on Ru and the synergistic
effect were further studied. In alkaline solutions, water dis-
sociation and hydrogen adsorption/desorption strength are
two crucial factors for the catalytic activity. To further con-
firm the synergistic effect between Ru SASs and NPs, LSV
curves and Tafel plots of Ru SASs+NPs/NG, Ru SASs/NG
and Ru NPs/NG were compared. As shown in Figure S27a,
Ru NPs/NG exhibited inferior HER activity. The Tafel plots
(Figure 3b and Figure S27b) suggested that Ru SASs+NPs/
NG obeyed the Volmer-Heyrovsky route with the Heyrovsky
step denoted by the rate-determining step (RDS), and the
Volmer step by the RDS of Ru SASs/NG and Ru NPs/NG:

H,O0+e — H*+OH (Volmer step)

5
Tafel slope: 120 mV dec ' ®)

H*+H,O0+e — H,+OH (Heyrovsky step)

6
Tafel slope: 39 mV dec ' ©

where * represents adsorbed intermediate species.

Tafel plots demonstrate that Ru SASs/NG and Ru NPs/NG
had difficulty in capturing H" from H,O because of the low
dissociation constant of H,O (KW=1><10714). In terms of the
Ru SASs+NPs/NG, the Volmer step was accelerated for
which H* was easily to be generated for H, formation. This
is the solid evidence to verify the synergistic effect between
Ru SASs and NPs.

In addition, the excellent catalytic activity of Ru SASs
+NPs/NG was further characterized in different aspects. We
normalized the current density of the LSV curves obtained
into the mass of metal to exclude the influence of metal
loading and to elucidate the utilization of active sites.
Clearly, the Ru SASs+NPs/NG (1.21 wt%) presented the
highest mass activity with 12.57 A mz(:»':lRLI at 100 mV, which
was 23.3 and 12.7 times higher than that of Pt/C (0.54 A mgflpt)
and Ru/C (0.99 A mg_1 ru), respectively (Figure 3d). The ECSA
and TOF were adopted to further investigate the intrinsic
catalytic activity. Here, the ECSA and the total catalytic site
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number were evaluated by the underpotential deposition of
Cu, with the detailed calculations shown in Figure S28 and
Experimental section [34,49]. Clearly, the Ru SASs+NPs/
NG possessed a much larger ECSA (142.94 m° gflmetal) than
the Ru SASS/NG (64.34 m > g '), PUC (44.05m > g ' ora))
and Ru/C (17.6 m > g ' ). Moreover, Brunauer-Emmett-
Teller (BET) analysis via nitrogen adsorption-desorption
isotherms revealed that the specific surface areas and pore
structures of Ru SASs+NPs/NG and Ru SASs/NG are si-
milar (Figure S29), suggesting that ECSA and HER activities
are independent of the specific surface and pore size dis-
tribution. When the LSV curves were normalized to the
ECSA (Figure S30), Ru SASs+NPs/NG still exhibited the
highest catalytic current density, indicating the high atomic
utilization and catalytic activity of the SASs+NPs structure.
As shown in Figure 3e, the TOF values of Ru SASs+NPs/NG
were 7 and 21 H, s ' at 50 and 100 mV, respectively, which
were 6 and 7.2 times those of Pt/C (1.1 and 2.9 H, s_l) and
also surpassed those of the state-of-the-art catalysts in lit-
erature (Table S3). This phenomenon suggests that com-
bining Ru SASs and Ru NPs accelerated the reactive
kinetics. In addition, electrochemical impedance spectro-
scopy (EIS) measurement at #=100 mV was further studied
(Figure 3f). Meanwhile, the circuit model fitting was shown
in Figure S31 and Table S4. The lowest charge transfer re-
sistance (Rcp) of Ru SASs+NPs/NG indicated the fastest
electron transfer rate, which again verified the faster reactive
kinetics of Ru SASs+NPs/NG.

In terms of the long-term stability test, only a negligible
decay was observed during the long-term electrolysis of Ru
SASs+NPs/NG (Figure 3g) at 10 mA cm ~, indicating the
excellent stability of Ru SASs+NPs/NG. Beyond this, the Ru
SASs+NPs/NG exhibited negligible performance degrada-
tion after 5,000 LSV sweeps, while there was some clear
attenuation for Ru SASs/NG and Pt/C (insert in Figure 3g).
Following the long-term durability test, the Ru SASs and Ru
NPs in Ru SASs+NPs/NG maintained a good dispersion on
the graphene matrix without aggregation (Figure S32), with
the Ru SASs maintaining their primary form without aggre-
gating into Ru clusters or NPs (Figure S33). However, severe
agglomeration occurred in commercial Pt/C (Figure S34).

3.3 Theoretical study

DFT calculations were used to further illustrate the catalytic
mechanism and activity origination of Ru SASs+NPs/NG.
The calculation models are shown in Figure S35.

Here, the DFT structure optimization suggested that H,O
tended to be adsorbed on the Ru NPs rather than RuN, site,
and H' tended to be adsorbed on RuN, site. Furthermore,
H,O was proven to tend to be adsorbed on Ru atom located at
the interface of Ru NPs and graphene (Figure S36). Thus, Ru
NPs promoted Volmer step to generate H* on the RuN, sites
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(Figure 4a), which is likely to improve the HER activity in
alkaline solutions. In the absence of Ru NPs, Volmer step is
difficult to occur (Figure 4b). Subsequently, the free energy
of hydrogen adsorption (AGyx*) was calculated according to
the models shown in Figures S37 and S38. Here, the optimal
AGy* should be ~0 eV, whereas a conversely negative or
positive AGy* leads to too strong or too weak adsorption,
respectively, of the intermediate H atoms [20,50,51]. As
shown in Figure 4c and Table S5, the AGy™ of the RuN, in
Ru SASs/NG was calculated to be —0.854 eV, indicating the
strong adsorption of H* obstacles in H, formation and des-
orption. However, the AGy™* of the RuN, site in Ru SASs
+NPs/NG was —0.423 eV, which is much closer to 0 eV,
suggesting that the strong electronic interaction between
RuN, and Ru NPs optimized the electronic structure of the
RuN,, thus suitably weakening the excessively strong ad-
sorption of H on RuN, and ultimately promoting the HER
activity in alkaline solutions. To ascertain the intrinsic reason
behind this variation, the electronic structures of the RuN,
site in Ru SASs+NPs/NG and Ru SASs/NG with H* were
investigated using partial density of states (PDOS) analysis.
As shown in Figure S39, the 4d electron configuration of the
Ru in RuNj site was altered by the Ru NPs, indicating that
the strong electronic interaction between RuN, site and Ru
NPs rendered the charge to be re-distributed, which plays an
important role in HER [52]. This issue was further clarified
in Figure 4d and e. The overlapped degree of the Ru 4d
(RuN, site) and H 1s in Ru SASs+NPs/NG was smaller than
that in Ru SASs/NG, suggesting that the electronic interac-
tion between Ru SASs and Ru NPs dampens the bonding of
Ru 4d and the H 1s orbital, thus resolving the issue of ex-
cessive H adsorption strength on RuN, site and consequently
promoting the HER process. Moreover, Pt still presents op-
timal AGy* (—0.121 eV) than Ru according to the previous
study [15], manifested as the fact that HER activity of Pt/C in
0.5 M H,SO, was better than that of Ru SASs+NPs/NG
(Figure S40) but the opposite in 1 M KOH solution de-
monstrating that water splitting is a much crucial factor for
HER in alkaline.

Furthermore, the difference of HER activity between Ru
SASs+NPs/NG and Pt/C was also studied. Since both Ru
SASs+NPs/NG and Pt/C obey Volmer-Heyrovskey route
with the Heyrovsky step denoted by the RDS, the activation
energies of Heyrovskey step for Ru SASs+NPs/NG and Pt/C
were also calculated and compared. As shown in Figure 4f
(the calculation models are shown in Figures S41 and S42),
the energy barrier of the Heyrovsky step in Ru SASs+NPs/
NG was calculated to be 0.42 ¢V (40.52 kJ mol '), which
was much lower than that of Pt/C (1.30 eV, 125.9 kJ molfl),
as calculated according to our previous study [17]. Because
the activation energy of RDS is much lower, Ru SASs+NPs/
NG presents better HER activity than Pt/C, which is in ac-
cord with the experimental results.



530 Chen et al.

Sci China Chem  March (2022) Vol.65 No.3

0.2 6
> (c) . (d) ——Ru4dof RuN, in Ru SASs+NPSING
(] H 1/12H we=-H1s
2.0.2 4]
g : 2
.04 L S 3]
o -,‘.RuN‘d-Ru NPs:; o
= -0.6 H { 2
8
2-0.8 f 11
o RuN,
-1.0 - — 0 v : .
Reactive Coordination -15 -10 -5 0 5
Energy / eV
6 (e) ——RuddofRuN,in RuSASsING 2.0 (f) — su SASs+NPs/NG
51 . 1.5 "
41 ES
Q
a 3
o
2
11 o
0 4 4 1.0 H* +H,0 . H ----H»---OH‘. .—:‘OH'
15 - Reactive coordination

0 -5 0
Energy / eV

Figure 4 Water dissociation on (a) Ru SASs+NPs/NG and (b) Ru SASs/NG; (c) calculated free energy diagrams of hydrogen adsorption for RuN, and
RuN,+Ru NPs; Partial density of states (PDOS) of the Ru 4d of RuN, and H 1s in (d) Ru SASs+NPs/NG and (¢) Ru SASs/NG with adsorbed hydrogen;
(f) activation energy diagram of the Heyrovsky step on Ru SASs+NPs/NG and Pt/C (color online).

4 Conclusions

In summary, we successfully regulated the morphological
distribution of Ru on graphene via ZIF-8-assisted pyrolysis.
The cation exchange and host-guest strategies resulted in
different interactions between ZIF-8 and Ru precursor, with
two types of morphological distributions of Ru formed: Ru
SASs combined with Ru NPs on the NG (Ru SASs+NPs/
NG), and Ru SASs on the NG (Ru SASs/NG), in which Ru
SASs+NPs/NG represents the best catalytic activity. This
was due to two main factors: (1) the formation of Ru NPs
appropriately reduces the energy barrier for water dissocia-
tion in alkaline solutions; (2) Ru NPs weaken the excessively
strong adsorption of hydrogen on Ru SASs, resulting in
outstanding HER performances of Ru SASs+NPs/NG in
alkaline solutions. Overall, this study is expected to provide
unique innovations for the development of catalysts for the
HER in alkaline solutions.
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