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Development of cost-effective catalysts for hydrogen evolution reaction (HER) plays a significant role in scalable
production of hydrogen. Herein, carbon aerogels doped with atomically isolated Ru are produced pyrolytically
from biomass hydrogels and exhibit a remarkable performance in HER within a broad range of solution pH, due
to the formation of abundant RuN, moieties. At the current density of 10 mA cm™2, the optimal sample (NCAG/
Ru-3) exhibits an ultralow overpotential of merely —4 mV in 1.0 M KOH, —45 mV in 1.0 M phosphate buffer

solution and —65 mV in 0.5 M H2SO4, with the respective mass activity 44, 16 and 6 times that of commercial Pt/
C benchmark. The excellent performance is also manifested in full water splitting. Theoretical calculations
suggest that the high activity arise from the RuNjy sites at the zigzag edges and nanowrinkles. These results
underscore the unique quality of carbon aerogel-based single atom catalysts in electrochemical energy

technologies.

1. Introduction

Platinum (Pt)-based nanomaterials have been the catalysts of choice
for hydrogen evolution reaction (HER) [1-6], a critical process in
hydrogen production from water splitting [7,8]. However, the wide-
spread application of the technology has been severely hampered by the
high cost and limited natural reserve of Pt. Thus, there is an urgent need
to develop cost-effective HER catalysts, and ruthenium (Ru) has
emerged as an attractive candidate, largely because of a moderate
strength of the ruthenium-hydrogen (Ru-H) bond that is analogous to
that of Pt-H, which is conducive to facile HER Kkinetics [9-18]. In
addition, Ru is under 5% the cost of Pt [19,20]. However, the natural
reserve of Ru is relatively scarce, thus it is of great significance to
maximize the mass activity of Ru-based HER catalysts, which involves
two leading strategies. The first is to improve the atom utilization effi-
ciency of Ru by reducing the size and alloying of Ru nanoparticles
[21-32]; and the other is to enhance the intrinsic activity of the metal
sites [30,33-41]. Among these, Ru atomically dispersed within a carbon
matrix represents a unique system, with an HER performance markedly
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better than the nanoparticle counterparts [20,42]. Within this context,
enhancement of the atomic dispersion of Ru and stabilization of the
single atom moieties are critical in maximizing the HER performance.

Carbon aerogels are a three-dimensional (3D) material with rich
porosity and nanowrinkles [43-46], where spatial confinement by the
abundant micropores and nanowrinkles of the carbon aerogels facili-
tates the incorporation of isolated metal atoms. More importantly, the
single metal atom sites at the micropores and nanowrinkles often entail
an asymmetrical coordination shell, as compared to single atom sites on
a basal plane [44,47]. This structural asymmetry may impact the elec-
tron density and distribution of the metal atoms and adjacent atoms,
leading to an increase of the intrinsic activity of the atomic sites. With
these two advantages in mind, one can infer that doping Ru sites into a
carbon aerogel can produce atomically dispersed Ru catalysts with high
mass activity by improving both the “quantity” and “quality” of the
active sites.

In the present study, a biomass hydrogel was used as the structural
template to produce carbon aerogels embedded with RuN, atomic sites
and Ru nanoclusters [43]. The loading of atomically dispersed Ru in the
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nanocomposite was varied from 43% to 86% by regulating the initial
feed ratio of the hydrogel precursors and the metal salts, as manifested
in microscopic and spectroscopic measurements. Results from first
principles calculations show that the produced RuN, sites accelerated
H,0 dissociation, promoted H absorption/desorption, and acted as
promising active sites for HER. Electrochemically, the obtained carbon
aerogels indeed exhibited a remarkable HER activity across a wide pH
range of 0 to 14. The optimal sample possessed the highest concentra-
tion of RuN, and hence markedly outperformed commercial Pt/C in
neutral and alkaline media, and the performance was only slightly
subpar in acidic media. In overall water splitting, this sample also
showed a low cell voltage and superb longtime stability, as compared to
the commercial benchmark, indicating that the aerogel nanocomposites
can be used as effective, pH-universal HER catalysts for full water
splitting.

2. Experimental section
2.1. Preparation of NCAG/Ru nanocomposites.

The chemicals used in the present study were all of analytical grade
and detailed in the Supplementary Information. In a typical experiment,
gelatin (120 mg), SiO3 (100 mg), and MilliQ water (5.0 mL) were mixed
under magnetic stirring in a water bath (60 °C), into which were then
added 0.05 M RuCl;3 (200 pL), 1,10-phenanthroline monohydrate (PM,
17.8 mg) and 1.0 M zinc acetate (160 pL). After three freezing-thawing
cycles, a hydrogel was produced (denoted as Gg;/Ru-PM), which was
then converted into carbon aerogels (NCAG/Ru-3) by freeze-drying,
pyrolysis at 900 °C for 3 h (97% Ar + 3% H>) and etching with 3 wt% HF.

Two additional samples, NCAG/Ru-1 or NCAG/Ru-2, were fabri-
cated in the same fashion but with the addition of 0 or 3 mg PM,
respectively. Metal-free NCAG was also fabricated in the same manner of
NCAG/Ru-3 except for the addition of RuCls.

Experimental details of sample structural characterizations are
included in the Supplementary Information.

2.2. Electrochemical studies

Electrochemical measurements were all performed in a three-
electrode cell, including a glassy carbon working electrode, a KCl-
saturated Ag/AgCl reference electrode and a graphite rod counter
electrode. Catalyst inks were prepared by dispersing the carbon aerogels
(2 mg) produced above into a mixture of water and ethanol (v:v = 1:1,
475 pL in total) and Nafion solution (5%, 25 pL). A calculated amount of
the catalyst inks was then dropcast onto the glassy carbon electrode
surface at a mass loading of 0.4 mg em 2. Electrochemical data were
acquired at 90% IR-compensation. The calibration of the KCl-saturated
Ag/AgCl reference electrode against the reversible hydrogen electrode
(RHE) was performed in a high-purity Hy saturated electrolyte with a Pt
wire as the working electrode and counter electrode (Fig. S1). The
average open-circuit voltage was taken as the thermodynamic potential
of the hydrogen electrode reaction. In 1.0 M KOH, Eag/agct = Erne +
1.035 V; in 0.5 M H2SO4, Eag/agc1 = Erne + 0.235 V; and in 1.0 M PBS,
EAg/AgCl = Egpg + 0.617 V.

For overall water splitting, commercial RuO, was employed as the
anode catalyst and the carbon aerogels prepared above or commercial
20 wt% Pt/C as the cathode catalyst. The electrode for water splitting
was composed of a Ni foam (or carbon paper) layer and a catalyst layer.
The latter was prepared by adopting the method reported previously
[91.

2.3. Theoretical calculations
All calculations were conducted with the Vienna ab initio Simulation

Package (VASP) [48-51]. Additional details can be found in the Sup-
plementary Information.
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3. Results and discussion
3.1. Sample synthesis and structural characterization

The synthetic procedure of the carbon aerogels is schematically
illustrated in Fig. S2, where a gelatin-zinc hydrogel (Gsi/Ru-PM) was
employed as the structural template, SiO, nanoparticles as the porogen
and a ruthenium-phenanthroline (Ru-PM) complex as the metal and
nitrogen sources. Scanning electron microscopy (SEM) measurements
show that the freeze-dried Gg;/Ru-PM hydrogel exhibited a 3D porous
network (Fig. 1a and S3a), and was readily transformed into highly
porous carbon aerogels doped with Ru individual atoms and nano-
clusters after pyrolysis at a controlled temperature and HF etching to
remove SiOj, as manifested in SEM (Figure S3b) and transmission
electron microscopy (TEM) measurements [44]. Notably, the Ru
morphological structures can be readily manipulated by the molar feed
ratio (n) of PM to Ru in the hydrogel precursors. From the TEM images in
Fig. S4, it can be observed that in the absence of PM (n = 0), the resultant
carbon aerogels contained a number of metal nanoclusters of about 2 nm
in diameter (NCAG/Ru-1, Fig. S4a); yet at n = 1.5, the number of
nanoclusters in the carbon aerogel (NCAG/Ru-2) diminished markedly
by half, along with a reduced size of about 1 nm in diameter (Fig. S4b).
With a further increase of the PM feed (n = 9), the resulting carbon
aerogel (NCAG/Ru-3) contained only a handful of nanoclusters with an
even smaller size (Fig. 1b), and well-defined lattice fringes can be
resolved in high-resolution TEM imaging of the metal nanocluster
(Fig. 1b inset) with an interplanar d-spacing of 2.05 A, which is
consistent with the (101) facet of hcp Ru (PDF #65-7646). Additionally,
high-angle annular dark-field scanning TEM (HAADF-STEM) measure-
ments showed that the sample actually contained a large number of
single metal atoms within the porous carbon aerogel (Fig. 1c). Elemental
mapping analysis showed that both N and Ru were scattered rather
evenly across the C scaffold of the sample, without significant agglom-
eration, confirming successful doping of these elements into the nano-
composites (Fig. 1d).

Interestingly, in spite of the different numbers of nanoclusters in the
three samples, the total Ru content was actually very close at ca. 0.47 wt
% (Table S1), as determined by inductively coupled plasma-optical
emission spectrometry (ICP-OES) measurements. This suggests a
different partition of Ru between single atoms and nanoclusters in the
sample series. That is, an increasing PM feed facilitated the formation of
Ru single atoms, with the fraction varying in the order of NCAG/Ru-1 <
NCAG/Ru-2 < NCAG/Ru-3.

Further structural insights of these carbon aerogels were investigated
by Ny absorption-desorption isotherms and X-ray diffraction (XRD)
measurements. From the Ny absorption-desorption isotherms (Fig. 1e),
these carbon aerogels can be seen to contain micropores (1.3 nm),
mesopores (10 nm) and macropores (50 nm), as manifested in the cor-
responding pore size distributions (Fig. 1f). From the calculated BET
specific surface areas in Table S2, it can be seen that the samples all show
a hierarchical porous structure with a high surface area ranging from
1542 m? g~! for NCAG/Ru-1 to 1359 m? g~! for NCAG/Ru-2 and 1114
m? g1 for NCAG/Ru-3, a unique feature conducive for the generation of
single metal sites at the zigzag edges and nanowrinkles (vide infra). For
comparison, the metal-free carbon aerogel (NCAG), which was prepared
without the addition of Ru (but with the same content of PM as in
NCAG/Ru-3), exhibited a surface area that was even 300 m? g ! greater
than that of NCAG/Ru-3 (Table S2, Fig. S5). This suggests partial
blocking of the nanopores by the metal species, in agreement with the
increasing fraction of Ru single atoms from NCAG/Ru-1 to NCAG/Ru-3.

In XRD measurements (Fig. 1g), one can see that all samples
exhibited two major diffractions peak at 26 ~ 25° and 42°, due to the
carbon (002) and (101) facets (PDF card 65-6212), suggesting suc-
cessful transformation of the biomass hydrogels to carbon aerogels.
Additionally, no patterns of metal or metal oxide species can be resolved
in the XRD patterns, most likely because of the minute metal contents
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Fig. 1. (a) Schematic diagram of the Ru sites in carbon aerogel as the pH-universal HER catalysts. (b) TEM image of NCAG/Ru-3. Inset is the HRTEM image of a metal
nanoparticle (scale bar 1 nm). (c) HAADF-STEM image and (d) the corresponding elemental maps of NCAG/Ru-3. (e) Nitrogen sorption isotherms, (f) pore size

distribution, and (g) XRD patterns of NCAG/Ru-1, NCAG/Ru-2 and NCAG/Ru-3.

and small size of nanoclusters in the samples, in line with results from
STEM measurements.

The chemical compositions and valency of the carbon aerogels were
then assessed by X-ray photoelectron spectroscopy (XPS) measurements.
One can see from the survey spectra (Fig. S6) that all samples contain
only C, Ru, N, and O; and on the basis of the integrated peak areas, the
carbon aerogels actually possess a similar elemental composition, ca. 88
wt% C, 8 wt% O, 4 wt% N, and 0.5 wt% Ru (Table S3). Notably, the Ru
contents were consistent with the results from ICP-OES measurements
(Table S1). The high-resolution scans of the Ru 3p electrons are depicted
in Fig. 2a, where two doublets can be resolved at 261.8/284.2 eV and
263.8/286.1 eV, due to the 3ps,2/3p1,2 electrons of metallic Ru and Ru
(ID), respectively. This is in accord with the formation of Ru nanoclusters
and atomically dispersed Ru in the carbon aerogels (Fig. 1). Further-
more, from Table S4, one can see that the fraction of Ru(II) increases in
the order of NCAG/Ru-1 < NCAG/Ru-2 < NCAG/Ru-3, consistent with
the increasing content of Ru single atom sites, as observed above.
Similar results can be obtained from the high-resolution scans of Ru 3d
electrons (Fig. S7). Fig. 2b shows the corresponding N 1 s spectra, where
four kinds of N species can be resolved, pyridinic N, metal-N (M—N),
pyridinic N, graphitic N, and oxidized N at 398.2, 399.0, 400.1, 401.0,
and 403.0 eV, respectively. Notably, the percentages of both total N and
Ru-N increase from NCAG/Ru-1 to NCAG/Ru-3 (Table S5). From the O
1 s spectra in Fig. 2c, one can see that C=0 and C-O/0O-H are the main O
species in the samples, with only a negligible content of the metal-O
species (Table S6). That is, results from the XPS studies indicate that the

carbon aerogels contained both Ru nanoclusters and RuN, moieties, and
Ru single atom sites became increasingly dominant from NCAG/Ru-1 to
NCAG/Ru-2 and to NCAG/Ru-3.

X-ray absorption spectroscopy (XAS) measurements were then per-
formed to further examine the coordination configurations of the Ru
sites in NCAG/Ru-3. From Fig. 2d, one can see that the K-edge profile of
the X-ray absorption near-edge structure (XANES) of NCAG/Ru-3 is
between those of Ru foil and RuO,, indicating that the average Ru
valence state falls between 0 and +4, consistent with the formation of Ru
single atom sites and Ru nanoclusters in the sample, as suggested in the
above TEM and XPS measurements. The pre-edge peak at 22116 eV,
which is due to the 1 s to 4p, shakedown transition of a square-planar
configuration, shows only a weak intensity, suggesting the formation
of a square-pyramidal or distorted octahedral configuration [52]. The
corresponding R-space extended X-ray absorption fine structure
(EXAFS) profiles are depicted in Fig. 2e. NCAG/Ru-3 can be seen to
display two peaks at about 1.5 and 2.2 A, due to the Ru—N and Ru—Ru
shell, respectively. The strong Ru—N peak and much weaker Ru—Ru
peak indicate that the atomically Ru sites are the major metal species in
NCAG/Ru-3, in accord with results from XPS measurements. Addition-
ally, fitting of the NCAG/Ru-3 EXAFS data (Fig. 2f and S8, Table S7)
showed that the Ru—N path possessed a coordination number of ca. 5.2,
implying that a square-pyramidal configuration is most likely for the Ru
sites in NCAG/Ru-3.

On the ground of the above results, the configurations of the Ru
atomic sites in NCAG/Ru-3 are constructed by the following steps. (i) As
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Fig. 2. High-resolution XPS scans of the (a) Ru 3p, (b) N 1 s and (c) O 1 s electrons of NCAG/Ru-1, NCAG/Ru-2 and NCAG/Ru-3. Symbols are experimental data and
lines are deconvolution fits. (d) Ru K-edge spectra (XANES) and (e) R-space curves (EXAFS) of NCAG/Ru-3, RuO, and Ru foil. (f) EXAFS fitting of the NCAG/Ru-3
sample. Inset is a schematic of the RuN3C structure with the adsorption of one H,O molecule.

shown in Fig. 2e and S9, both the pre-edge and post-edge features of
XANES can be seen to be consistent with those of RuN4 with axial O
ligands (RuN4—O) [52]. Because it is difficult to distinguish Ru—N and
Ru—C by EXAFS due to their similar atomic mass, we proposed a RuN-
+«C4.x—0 site. (ii) The above XPS measurements confirmed that the Ru
atoms were mainly chelated to N atoms, indicating the formation of
RuN4—O0, RuN3C—O or RuN;C,—O moieties (Fig. S10). (iii) Considering
the reducing atmosphere during pyrolysis, the O atoms in these models
were most likely provided by —~OH or absorbed H;0 and O, molecules,
and the respective structure was denoted as RuN,Cs,—OH, RuN-
XC4_X—H20, and RUNXC4_X—02 (X > 2).

3.2. HER electrocatalysis

Motivated by the unique structure of porous carbon aerogels
embedded with atomically dispersed ruthenium, the electrocatalytic
performance for HER was first investigated in 1.0 M KOH. From the
linear sweep voltammograms (LSV) in Fig. 3a, all three carbon aerogels
can be seen to exhibit apparent HER activity, which varied among the
sample series. Specifically, to reach the current density of 10 mA cm ™2,
the NCAG/Ru-1 aerogel needed an overpotential (779) of —104 mV,
which was markedly reduced to —40 mV for NCAG/Ru-2, and only —4
mV for NCAG/Ru-3, in comparison to —58 mV for commercial 20 wt%
Pt/C. The dramatically enhanced activity from NCAG/Ru-1 to NCAG/
Ru-3 signifies the increasingly dominant contributions of the Ru single
atom sites to the HER activity, as compared to the Ru nanoclusters
[42,53]. The performance of NCAG/Ru-3 even surpassed relevant Ru-
based catalysts recently reported in the literature (Table 1 and Fig. 3b).

NCAG/Ru-3 also possessed a lower Tafel slope (43.6 mV dec’,
Fig. 3¢) than Pt/C (53.7 mV dec '), NCAG/Ru-2 (56.7 mV dec ™) and
NCAG/Ru-1 (107.2 mV dec™1). This implies enhanced HER kinetics on
NCAG/Ru-3 in alkaline media. In fact, electrochemical impedance
spectroscopy measurements (Fig. S11) showed that at the overpotential
of —50 mV, the charge-transfer resistance (R.;) was the lowest at 43.6 Q
for NCAG/Ru-3, in comparison to 67.3 Q for NCAG/Ru-2 and 198.9 Q
for NCAG/Ru-1, in good agreement with the remarkable HER activity of
NCAG/Ru-3.

To differentiate the contributions of Ru single atoms and Ru nano-
clusters to the HER activity, ethylenediaminetetraacetic acid (EDTA)
and KSCN were used as poisoning species to inactivate the metal active
sites. The shift of the 19 was denoted as AE; and AE; with the addition
of 10 mM EDTA and 10 mM KSCN into 1.0 M KOH, respectively (Fig. 3d
and S12); and AE3 is defined as the difference between AE; and AEs. It is
well known that EDTA predominantly coordinates with the RuNj sites,
whereas SCN™ readily adsorbs onto both Ru nanocluster surfaces and
RuN, sites [42]. Thus, AE; and AE3 were used to differentiate the con-
tributions of the RuN, sites and Ru nanoclusters to HER. The percentage
of AE; (or AE3) to total contribution (AE; + AE3) for each catalyst is
depicted in Fig. 3e, where the estimated contribution of RuN, sites to
HER is 5%, 38% and 81% for NCAG/Ru-1, NCAG/Ru-2 and NCAG/Ru-3,
respectively. This further confirms that the HER activity of NCAG/Ru-3
indeed arose predominantly from Ru single atom sites rather than Ru
nanoclusters. That is, NCAG/Ru-3 exhibited the best HER activity
among the series (which possessed a similar total Ru content, Table S1),
because of the highest fraction of Ru single atoms (Fig. 2a).

The NCAG/Ru-3 nanocomposite also displayed remarkable HER ac-
tivity in neutral and acidic media. As shown in Fig. 3f and S13, NCAG/
Ru-3 exhibited an excellent HER performance in 1.0 M PBS with 19 =
-45 mV and a Tafel slope of 96.1 mV dec!, which is 38 mV and 17.1 mV
dec™! lower than those of Pt/C. In 0.5 M H3SO4 (Fig. 3g and S14), NCAG/
Ru-3 displayed an 10 of —65 mV and a Tafel slope of 68.8 mV dec?,
somewhat higher than those of Pt/C (-32 mV, 40.5 mV dec!). Appar-
ently, NCAG/Ru-3 shows more favorable HER activity and kinetics than
commercial Pt/C in both neutral and alkaline media; and in the acidic
media, the HER performance of NCAG/Ru-3 was somewhat subpar
(Fig. 3h).

In fact, the NCAG/Ru-3 sample featured an ultrahigh mass activity of
38.1A ngu'l at —100 mV in alkaline media, 44 times better than that of
Pt/C (Fig. 3i and S15), and in neutral and acidic media, the mass activity
of NCAG/Ru-3 reached 9.2 and 10.1 A ngu’1 at —100 mV, 16 and 6
times better than those of Pt/C, respectively (Fig. 3i and S16). The ul-
trahigh mass activity makes it possible to lower the cost of catalysts by
reducing the consumption of precious metals. The remarkable pH-
universal HER performance and extremely low metal content confirm
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Fig. 3. (a) HER polarization curves in 1.0 M KOH of the NCAG/Ru carbon aerogels and commercial Pt/C. (b) Recently reported Ru-based catalysts and their metal
content, HER activity in 1.0 M KOH. (c) Tafel plots obtained from the HER polarization curves in (a). (d) HER polarization curves of NCAG/Ru-3 in 1.0 M KOH in the
absence and presence of 10 mM EDTA or 10 mM KSCN. (e) Percentage of AE; (or AEj3) to total contribution (AE; + AEj3) for each catalyst. HER polarization curves in
(f) 1.0 M phosphate buffer solution (PBS) and (g) 0.5 M HySO,4 of the NCAG/Ru-3 and commercial Pt/C. (h) Overpotentials of NCAG/Ru-3 and Pt/C in different
electrolyte media. (i) Mass activities of NCAG/Ru-3 and commercial Pt/C in 1.0 M KOH, 1.0 M PBS and 0.5 M H,SO, at the overpotential of —100 mV.

Table 1

Comparison of HER performances of Ru-based catalysts.
Materials Ru contents (wt%) N10 (mV) Ref.
Ru SAs/carbon aerogel 0.47 —4 This work
Ru@CQD 3.78 -10 [54]
Ru-NC-700 3.0 -12 [42]
Ru clusters 1.0 -13 [19]
Ru@MWCNT 12.8 -17 [55]
Ru@CyN 28.7 -17 [20]
Ru cluster/Co phosphide ~30 -23 [56]
Ru SAs /Au NPs >50 —24 [21]
Ru SAs/Ru PNs 3.04 —28 [571
RuCo alloy 3.58 —28 [23]
Ru cluster/ NiCo LDH 12.95 —-28 [58]
NiRu alloy 1.86 -32 [22]
Ru SAs-MnFeP/NF 1.08 -35 [59]
Ru SAs/ECM 0.68 —83 [53]

the optimal integration of highly active single Ru sites and porous 3D
carbon aerogels in NCAG/Ru-3.

3.3. Theoretical studies

Most Ru-based catalysts show excellent HER activity in alkaline
media and outperform commercial Pt/C [19,20,60,61]. In alkaline HER,

the energy barrier for H2O dissociation serves as a critical variable to
evaluate the electrocatalytic activity. Structural characterizations pre-
sented above (Fig. 2) showed that the most possible configurations of
single Ru active sites were RuN,C4.,—OH, RuN,C4,—H20, and RuN-
+C4.x—02 (x > 2). Theoretical calculations indicate that it is difficult for
RuN,C4.x—OH and RuN,C4.,—0O to adsorb H,O molecules, let alone H,O
dissociation; and RuN,Cy4.,—H20 is the most possible Ru site in NCAG/
Ru-3 (x > 2, Fig. S17). The free energy of H20 adsorption (AGpy20+) on
RuN,C4., was firstly calculated to further assess these structures. As
show in Fig. S18, RuNy4 exhibits weak adsorption of H,0 with a positive
AGyso+ of 0.03 eV, implying an unfavorable 5-coordination configura-
tion. However, RuN3C and RuN,Cy exhibit a negative AGyao+ of —0.53
eV and —0.39 eV, respectively, where the stronger H,O adsorption can
lead to a stable 5-coordination configuration, consistent with results
from the above XAS measurements. However, RuN,C, can be excluded
by the much higher energy barrier towards HyO dissociation than that of
RuN3C (Fig. S19). This indicates that the most probably active sites in
this carbon aerogel are the HyO-adsorbed RuN3sC moieties (Fig. 2f inset).

Generally, carbon aerogels exhibit two main features, rich pores and
abundant nanowrinkles, which can result in the formation of edged
metal sites and Stone-Wale defected metal sites [44]. Thus, three RuN3C
structures in different positions of the graphited carbon are examined,
normal RuN3C in the basal plane (RuN3C), RuN3C at the zigzag edge
(RuN3C-ZZ), and RuN3C at the nanowrinlke (RuN3C-SW), which are
highlighted in the HAADF-STEM image (Figure S20). As shown in
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Fig. 4. (a) Top and side views of normal RuN3C in the plane (RuN3C), RuN3C at the zigzag edge (RuN3C-ZZ), and RuN3C at the nanowrinkle (RuN3C-SW). (b)
Reaction pathway of H,O absorption and dissociation on RuN3C. (c) DOS of Ru 4d electrons, (d) Free energy diagram of H,O dissociation on RuN3C, RuN3C-ZZ and
RuN3C-SW. (e) H absorption/desorption energy of second H on RuN3C, RuN3C-ZZ and RuN3C-SW.

Fig. 4a, RuN3C and RuN3C-ZZ show a plane-like configuration where the
Ru atoms were slightly extruded from the plane, while RuN3C-SW shows
a distorted non-planar configuration with 5757 defects [62]. Fig. 4c and
S21 display the total and Ru (4d) density of states (DOS) of RuNsC,
RuN3C-ZZ and RuN3C-SW. In these configurations, the DOS near the
Fermi level is mainly contributed by the Ru center (marked by the dotted
lines in Fig. 4c and S21), implying that the Ru atom is the dominant
active site. Apparently, the marked states of RuN3C-SW and RuN3C-ZZ
are drastically closer to the Fermi level than those of RuN3C, suggesting
a greater likelihood of electron donation and H,O activation.

Previous studies have shown that the rate-determining step (RDS) in
alkaline HER is HyO dissociation (Volmer reaction) [34,42]. The reac-
tion pathways from Hy0 adsorption to HyO dissociation on the RuN3C,
RuN3C-ZZ and RuN3C-SW sites are shown in Fig. 4b, S22 and S23,
respectively. The calculated free energies are presented in Fig. 4d. The
H>0 molecules are adsorbed onto these sites by the binding interaction
between Ru and O atoms, with a AGyoo+ of —0.53, —0.44 and —0.16 eV,
respectively. The reaction pathway of HpO dissociation includes two
steps, the split of the H—OH bond and desorption of the OH group. The
latter is exothermic on the three sites, so the split of the H-OH bond is
the RDS, which features an energy barrier of 0.1 eV for RuN3C and 0.02
eV for RuN3C-ZZ, suggesting that the metal sites on the zigzag edge are
actually favored in H,O dissociation. Notably, the energy barrier of the
RDS decreased further to —0.18 eV for RuN3C-SW, indicating an even
faster HoO dissociation reaction.

The free energy of H absorption/desorption reaction (AGy:) is
another indicator of HER activity [63-65]. Fig. 4e and S24 display the
free energy diagrams of the first and second H absorption/desorption on
the three sites [66]. The related H-absorbed configurations are shown in
Fig. S25-527. For the second H absorption/desorption, the energy bar-
rier is 0.52 eV for RuN3C, and becomes substantially reduced to 0.33 eV
for RuN3C-SW and further to 0.11 eV for RuN3C-ZZ, indicating enhanced
H absorption/desorption reaction kinetics on the RuN3C-ZZ and RuN3C-

SW configurations.

To sum up, RuN3C at the edges or nanowrinkles of the carbon aer-
ogels greatly facilitate HoO dissociation and/or promote H absorption/
desorption, a unique feature that is conducive to HER electrocatalysis, as
manifested above in electrochemical tests. With such a high activity, it
becomes attractive to apply the NCAG/Ru-3 catalysts for electro-
chemical water splitting.

3.4. Overall water splitting

To evaluate the catalytic activity and stability in practical applica-
tions, a two-electrode water splitting cell was constructed by utilizing
commercial RuO; as the anode catalyst and NCAG/Ru-3 or Pt/C as the
cathode catalyst. Fig. 5a depicts the LSVs of water electrolysis in the
resultant NCAG/Ru-3//RuO4 and Pt/C//RuO; cells (with Ni foams as
the current collectors) in 1.0 M KOH. The former can be seen to possess a
higher activity, which needed an applied voltage of only 1.485 V to
reach the current density of 10 mA cm™2, than the latter (1.505 V). In
fact, a large number of Hy and O, bubbles were generated and evolved at
the NCAG/Ru-3//RuO, electrode surfaces at the constant current den-
sity of 10 mA cm ™2 (Fig. 5g) or when the cell was powered with a 1.50 V
lithium-ion battery (Fig. Sh).

The long-term stability of the carbon aerogels for electrochemical
water splitting was then examined in a constant-current electrolysis test.
Fig. 5b shows the voltage-time (E-t) curves at the constant current of 10
mA cm 2. After 60 h’s continuous operation, the applied voltage of
NCAG/Ru-3//RuO, and Pt/C//RuO; cells increased by 30 and 50 mV,
respectively, which was mainly due to the instability of the RuO, anode
(Fig. S28), as LSV measurements showed that the HER 1o shifted
negligibly by only —1 mV for NCAG/Ru-3 and —6 mV for the Pt/C
electrode (Fig. 5b inset). This suggests a remarkable stability of NCAG/
Ru-3 in alkaline water splitting.

Overall water splitting in neutral and acidic media were also tested in



T. He et al.

Chemical Engineering Journal 442 (2022) 136337

a1eo b 18 —s— NCAG/Ru-3//Ru0, c
—s— PYC//RUO, o 601 _, NCAG/Ru-3/Ru02
| ——NCAG/Ru-3//Ru0, D —— A
1201 _,_pyciruo, 1.5 S —— PYCI/RUO2
> - > £ 401
® 1 D 124 % » =
$ 1.485V $'? § AERmY ] 3
£ £ £ g ool
S 1] 2 ol i —zﬂ 320
¥ ‘_:. _4o|—PrC c
§7"|---atereon/ g
0' 0 6 © Po?e:haVVvs RHOED 8 0_
1.2 14 16 1.8 ) 20 40 60 12 14 16 18 20
Potential/ V vs. RHE Time/ h Potential/ V vs. RHE
das e —_—
—s— NCAG/Ru-3//Ru0, 60 fi 2.0~ NCAG/Ru-3//Ru0,
R o 60 —— NCAG/Ru-3/Ru02 i
2.0] T e pusattmen £ | - PUCIRuO2 BUGIRIO,
> 1.54 £ 40 1.526 V >
D o O R > ® ’ =
- = .04 3 AE=1mV
g 1.0- g e ;§=:5"r"¥v g E’ b § OJAETWY 7
- -« after 30h - 2
g g T ) E 20 g g,w—mmu
05 H 7 =S S S 0.54 3 e
o ’5.40 j g E - after3on
- 3 0a o2 o0 3 04 0.5M H,SO, 0.0 S potental V. RHE
"0 5 10 15 20 25 30 1.2 1.4 16 1.8 Y0 5 10 15 20 25 30
Time/ h Potential/ V vs. RHE Time/ h

Fig. 5. (a) LSV curves of overall water splitting at the scan rate of 10 mV s~ ! using NCAG/Ru-3 or Pt/C as the cathode catalyst, and commercial RuO, as the anode
catalyst in 1.0 M KOH. (b) Constant-current electrolysis test at 10 mA cm ™2 for 60 h in 1.0 M KOH. Inset shows the LSVs of NCAG/Ru-3 and Pt/C before and after
constant-current electrolysis for 60 h. LSV curves of overall water splitting at the scan rate of 10 mV s~ with NCAG/Ru-3 or Pt/C as the cathode catalyst and
commercial RuO; as the anode catalyst in (c) 1.0 M PBS and (e) 0.5 M H,SO4.Constant-current electrolysis test for 30 h at 10 mA em~2in (d) 1.0 M PBS and (f) 0.5 M
H2S04 (changing fresh electrolyte about every 10 h). The corresponding insets show the HER polarization curves of NCAG/Ru-3 and Pt/C before and after constant-
current electrolysis for 30 h. (g) Photograph of water splitting by using the assembled NCAG/Ru-3//RuO,, electrodes at a constant current of 10 mA cm 2 (h) (right
panel) Photograph of water splitting by the NCAG/Ru-3//RuO- cell powered by a 1.5 V lithium-ion battery in 1.0 KOH, and zoom in of the cathode in the left panel.

the same manner except that carbon paper was used as the current
collector instead. As shown in Fig. 5c, to reach a water-splitting current
density of 10 mA cm ™2, the NCAG/Ru-3//RuOj cell required a potential
bias of 1.639 V in 1.0 M PBS, 35 mV lower than that of Pt/C//RuOs.
According to the constant-current E-t curves in electrolysis, the NCAG/
Ru-3 showed a more stable electrolytic potential than Pt/C (Fig. 5d). LSV
studies indicate that the HER 1o of the NCAG/Ru-3 cathode exhibited a
negative shift of only 4 mV, 40 mV less than that of Pt/C cathode after
the electrolysis test for 30 h (Fig. 5d inset and Fig. S29a). For water
splitting in 0.5 M H3SO4, both NCAG/Ru-3 and Pt/C show a remarkable
activity with a low cell voltage of 1.544 and 1.526 V, as well as stable
electrolytic potentials (Fig. 5e and 5f). After electrolysis test for 30 h,
NCAG/Ru-3 and Pt/C cathode showed a 1 mV and 7 mV negative shift of
the 119, respectively, revealing excellent stability of NCAG/Ru-3 (Fig. 5f
inset and Fig. S29b). These results confirm remarkable stability of
NCAG/Ru-3 in pH-universal water splitting. Indeed, virtually no change
was observed of the structural morphologies as well as Ru and N
elemental contents and valence states of the NCAG/Ru-3 sample after
the prolonged stability tests, as manifested in SEM and TEM (Fig. S30)
and XPS measurements (Fig. S31, Table S8 and S9).

4. Conclusions

In summary, carbon aerogels embedded with atomically dispersed
Ru sites and Ru nanoclusters were prepared pyrolytically by using
biomass hydrogels as precursors and structural templates, and exhibited
ultrahigh mass activity and stability towards HER across a wide range of
pH (0 to 14), as compared to commercial Pt/C. Notably, the HER activity
increased markedly with an increasing fraction of the Ru single atom
sites, and the best sample (NCAG/Ru-3) exhibited an n;¢ of only —4 mV
and a mass activity of 38.1 A ngu'l in 1.0 M KOH, markedly out-
performing commercial Pt/C benchmark and relevant Ru-derived cata-
lysts reported recently in the literature. With NCAG/Ru-3 as the cathode
catalyst and commercial RuO; as the anode catalyst for overall water
splitting, the cell showed comparable or even better activity and sta-
bility than that built upon commercial Pt/C//RuO> in such a wide pH
range. DFT calculations showed that the excellent pH-universal HER
activity was attributed to the high intrinsic activity of the RuN, sites at
the edges and nanowrinkles of the porous carbon aerogels that facili-
tated water adsorption and dissociation in alkaline and neutral media
and hydrogen adsorption in acidic media. Results from this study may
open a new avenue in the rational design and engineering of high-
efficiency, low-cost HER catalysts based on carbon aerogel-supported
single metal atoms for pH-universal water splitting.
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