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Developing a cost-effective, scalable, and efficient electrocatalyst for the hydrogen evolution reaction

(HER) is the heart of producing pure hydrogen in practical applications. In this work, a unique approach

to allow ruthenium (Ru) nanoparticles on carboxyl-functionalized porous sphere carbon (CF-Ru@PSC)

for an aqueous Zn–CO2 system is reported. The CF-Ru@PSC catalyst was produced by inducing

additional junction sites between metallic Ru and the carbon substrate for enhanced HER properties

under a CO2 saturated condition. The strongly bonded Ru–C caused electron transfer from the bottom

side of the metallic Ru to the PSC substrate, leading to efficient hydrogen adsorption energy of the

surface. The DFT calculations and XAFS investigation suggested that the reconstructed electronic

configuration from the Ru–C linkage acted as an efficient active site for HER. The CF-Ru@PSC

electrocatalyst presented a high turnover frequency of 2.70H2 s�1 at an overpotential of 0.20 V in the

CO2-saturated condition and high Faraday efficiency (98.2%) over 1000 min in the aqueous Zn–CO2

system.
Introduction

Hydrogen (H2) is considered as a clean and sustainable energy
source for clean energy applications.1–4 The hydrogen evolution
reaction (HER) is a key electrochemical process to produce pure
hydrogen in aqueous media. For facile and efficient HER,
a catalyst should be able to trigger the reduction of a proton
with minimal overpotential and fast kinetics. During the past
decades, tremendous efforts have been made to improve the
electrochemical performance, but noble metal-based catalysts
(e.g., Pt) still remain benchmark catalysts for HER. Among the
candidates for the replacement of the established Pt catalysts,
the Ru-based catalyst has attracted attention as a promising
electrocatalyst with efficient and stable electrochemical activi-
ties for HER.5–13 However, the complex synthetic procedures and
high manufacturing costs lead to the limitation of their prac-
tical applications. Therefore, there is a dire need for an efficient
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and stable novel electrocatalyst with scalable synthesis and low
cost.

For the low-cost scalable production of catalysts, it is
important to select the type of conductive substrate as a support
material for the catalyst. The performance of a catalyst is greatly
affected by the conductive substrate, especially in the electro-
chemical process. In this regard, carbon materials have been
regarded as ideal supports for electrocatalytic materials due to
their high conductivity, electrochemical stability, large specic
surface areas, and earth abundance.14–18 Hetero-atom (e.g., N, S,
and P)-modied carbon materials have been widely used as
conductive catalyst substrates, but these substrates normally
involve a large number of defects or poor uniformity with
complicated and multistep synthetic procedures, hindering
their practical applications.19–24 Recently, we reported that
a functional group on the substrate surface, such as carboxylic
groups, can easily anchor metal ions and result in the uniform
distribution of metal nanoparticles without hetero-atom
substitution.25,26 More importantly, the functional group can
be simply removed by facile thermal treatment that restores the
graphitic nature of the material, which allows scalable synthesis
for practical applications. Against this background, this unique
approach of uniform metal nanoparticles with functionalized
carbon-based materials can provide insights into the rational
design of scalable synthesis with low-cost, efficient, and durable
electrocatalysts for practical applications.
J. Mater. Chem. A, 2020, 8, 14927–14934 | 14927
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Fig. 1 Structural analysis and HR-TEM characterization of the CF-
Ru@PSC catalyst. (a) Schematic illustration of the synthesis and
structure of the CF-Ru@PSC electrocatalyst. (b) Low-resolution TEM
image (scale bar: 50 nm). Inset: corresponding Ru particle distribution.
(c) High-resolution TEM image (scale bar: 10 nm) of CF-Ru@PSC. (d
and e) Magnified images of CF-Ru@PSC (scale bar: 4 nm): TEM and
corresponding FFT pattern. (f) BF and HAADF-STEM (top) and corre-
sponding elemental mapping (bottom) of CF-Ru@PSC. Scale bar:
100 nm.
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The aqueous Zn–CO2 system was recently developed as
a hydrogen production system with the indirect utilization of
carbon dioxide (CO2).27 The aqueous Zn–CO2 system can
continuously produce electricity and hydrogen gas from the
dissolution of CO2. In this study, we rst report a unique
approach to fabricate uniformly anchored Ru nanoparticles on
a carboxyl-functionalized porous sphere carbon substrate (CF-
Ru@PSC) with a strongly bonded interaction between the
metallic Ru and PSC substrate for the aqueous Zn–CO2 system.
The induced Ru–C interaction reconstructed the local electron
transfer from the bottom side of the metallic Ru to the PSC
substrate and led to an efficient hydrogen adsorption energy
(DGH* of �0.10 eV), which is superior to Pt (�0.12 eV) and
metallic Ru (�0.28 eV). The obtained CF-Ru@PSC catalyst
exhibited better reaction kinetics (Tafel slope: 37 mV dec�1) in
comparison with the Pt-based catalyst, and a high turnover
frequency at an overpotential of 0.20 V (2.70H2 s

�1 under a CO2-
saturated condition) with ultimate stability. The phenomenal
catalytic performance of the CF-Ru@PSC catalyst is associated
with the strongly embedded Ru on the carbon substrate from
a one-step removal process of a carboxylic group (–COOH), and
has been demonstrated from both XAFS and FT-IR analysis. In
the aqueous Zn–CO2 system, the CF-Ru@PSC electrocatalyst
also exhibited an exceptionally high electrochemical perfor-
mance (45.4 mW cm�2, achieving 107% of that based on the
commercial Pt/C) and structural stability over 1000 min of
consecutive operation with a remarkably high Faraday effi-
ciency (98.2%). This unique fabrication of a HER electrocatalyst
represents an efficient strategy with various carbon-based
substrates for rational production and practical applications
in the aqueous Zn–CO2 system.

Results and discussion
Material synthesis and characterization

A scheme illustrating the thermal reduction-assisted prepara-
tion of the robust Ru-based catalyst (CF-Ru@PSC) is disclosed
in Fig. 1a. The surface of the porous sphere carbon substrate
was oxidized with a concentrated nitric acid solution to produce
abundant oxygenated functional groups on the surface, for
better dispersibility and interaction with metal atoms. Ru ions
could be easily anchored uniformly with the carboxylic func-
tional groups of the functionalized substrate. Then, the Ru ions
were subsequently reduced with sodium borohydride (NaBH4)
to Ru metal nanoparticles (Ru–COOH on PSC). To improve the
conductivity of the PSC substrate (with the removal of the
oxygenated functional groups) and enhance the crystallinity of
the strongly embedded Ru nanoparticles, the CF-Ru@PSC
catalyst was further synthesized with the annealing process.
The unique approach involves the strong interaction between
the metallic Ru and carbon substrate with a combination of the
two facile synthesis procedures (functionalization for anchoring
Ru and removal of functional groups to improve conductivity).
Although the CF-Ru@PSC catalyst annealed at 700 �C (CF-
Ru@PSC-700) showed a similar morphology and Ru nano-
particle size with CF-Ru@PSC-600 (average diameter 3.6 nm)
and CF-Ru@PSC-800 (average diameter 4.3 nm) in Fig. S1 and
14928 | J. Mater. Chem. A, 2020, 8, 14927–14934
S2 (ESI†), the hydrogen evolution performance of the CF-
Ru@PSC catalyst was different with different annealing
temperatures. Therefore, the annealing process was optimized
according to the hydrogen evolution performance (Fig. S3, ESI†)
of the catalyst. The electrochemical effective surface area (ECSA)
also conrmed the optimized annealing temperature, which
was evaluated by the electrochemical double-layer capacitance,
Cdl (11.5 mF cm�2) at an annealing temperature of 700 �C
(Fig. S4 and S5, ESI†).28 The synthetic procedures are described
in detail in the Experimental section.

The crystalline structure of the CF-Ru@PSC catalyst was
investigated using powder X-ray diffraction (PXRD). As shown in
Fig. S6 (ESI†), the peaks at 38.4�, 42.1�, 44.0�, 58.3�, and 69.4�

are attributed to the (100), (002), (101), (102), and (110) planes of
the Ru nanoparticles (JCPDS 06-663), respectively. The peak at
26.1� indicates the (002) plane of the graphitic layer in the CF-
Ru@PSC catalyst. The average particle size of Ru for CF-
Ru@PSC was determined to be 4.95 nm using the Scherrer
equation. The chemical composition and bonding nature of CF-
Ru@PSC were further conrmed using X-ray photoelectron
spectroscopy (XPS, Fig. S7, ESI†). Thermogravimetric analysis
(TGA) was carried out in an air condition to investigate the
residual Ru content in the CF-Ru@PSC catalyst, which was
calculated to be 13.05 wt% (Fig. S8, ESI†). The specic surface
area of the CF-Ru@PSC catalyst was investigated from the
Brunauer–Emmett–Teller (BET) technique and was calculated
to be 106.9 m2 g�1 with a pore volume of 0.242 cm3 g�1 and
mean pore size of 9.02 nm (Fig. S9, ESI†). The low-resolution
transmission electron microscopy (TEM) image of the CF-
This journal is © The Royal Society of Chemistry 2020
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Ru@PSC catalyst is shown in Fig. 1b, which indicates that the
Ru nanoparticles were well-distributed and rmly anchored on
the PSC substrate (average diameter �3.9 nm). The Ru nano-
particles with a uniform particle size of �5 nm were recon-
rmed in the high-resolution TEM image (Fig. 1c), which
matched well with the average particle size (4.95 nm) calculated
from XRD. The crystal lattice information of the Ru metal and
corresponding Fast Fourier Transform (FFT) patterns was
clearly revealed in Fig. 1d and e, respectively. The measured
adjacent interlayer distance of 0.209 nm corresponds to the
spacing of the (101) planes of the Ru metal, which is consistent
with the XRD results. Fig. 1f shows the high angle annular dark
eld (HAADF), bright eld (BF) scanning transmission electron
microscopy (BF-STEM) images, and energy dispersive spec-
troscopy (EDS) elemental mapping of the CF-Ru@PSC catalyst.
These results additionally supported the homogeneous distri-
bution of the Ru nanoparticles on the PSC substrate.
Electrochemical analysis

To evaluate the electrochemical performance for the hydrogen
evolution reaction (HER) in quasi-neutral condition, a rotating
disk electrode (RDE) investigation was conducted in a CO2-
saturated 1 M KOH solution. The RDE polarization proles
(Fig. 2a) and corresponding Tafel plots (Fig. 2b) were employed
for PSC, CF-Ru@PSC, and the benchmark Pt/C catalyst. Addi-
tionally, we further investigated Ru@PSC, which is synthesized
from a non-carboxylated PSC substrate (denoted Non CF-
Ru@PSC) for a detailed comparison of the structural and elec-
trochemical effects from the –COOH functional group and
embedding process. The chemical composition and bonding
nature of the Non CF-Ru@PSC were conrmed by XPS
measurements (Fig. S10, ESI†). In Fig. 2a, the CF-Ru@PSC and
Pt/C catalysts showed an overpotential of nearly �0 mV for the
HER progress, suggesting excellent electrocatalytic activity in
the quasi-neutral environment. For comparison, bare PSC
substrate without Ru metal and Non CF-Ru@PSC catalyst were
also examined under the same conditions. Although there is an
almost negligible catalytic activity for HER from the bare PSC
substrate, the HER performance of CF-Ru@PSC was remarkably
improved aer anchoring Ru nanoparticles on the PSC
substrate. Furthermore, the overpotential of CF-Ru@PSC at
a current density of 5 mA cm�2 was much lower than that of the
PSC substrate (from 656 mV to 133 mV), which is lower than
that of commercial Pt/C (145 mV). To gain in-depth insight into
the electrochemical properties, Tafel plots were obtained from
HER polarization proles (Fig. 2b). The Tafel slope of the CF-
Ru@PSC catalyst was determined to be 37 mV per decade,
which is comparable with that of commercial Pt/C (38 mV per
decade). Although the Non CF-Ru@PSC catalyst also showed
a signicantly reduced overpotential (218 mV) at a current
density of 5 mA cm�2 compared to the bare PSC substrate, the
Tafel slope of Non CF-Ru@PSC showed a much higher value at
68 mV dec�1, indicating the slower HER reaction kinetics than
CF-Ru@PSC (37 mV dec�1). The exhibited Tafel plot of the CF-
Ru@PSC catalyst suggested that the HER on the Ru surface
proceeded through the Volmer–Tafel mechanism, and the
This journal is © The Royal Society of Chemistry 2020
recombination step is the rate-determining step (RDS) at low
overpotentials in quasi-neutral condition, CO2-saturated 1 M
KOH. Meanwhile, the Tafel slopes of Non CF-Ru@PSC (68 mV
per decade) and PSC substrate (116 mV per decade) indicated
a relatively inefficient Volmer–Heyrovsky mechanism. The
different HER performances between the CF-Ru@PSC and Non
CF-Ru@PSC catalysts were derived from their different struc-
tural morphologies and electro-structural congurations. The
Non CF-Ru@PSC catalyst showed relatively larger and non-
uniform Ru nanoparticles (average diameter 6.2 nm)
compared to CF-Ru@PSC, which indicated that the carboxylic
group conducted the anchoring sites with the Ru ion and led the
uniformly dispersed Ru ion (Fig. S11, ESI†). Furthermore, the
Ru content of the Non CF-Ru@PSC catalyst was determined to
be 9.42 wt%, despite adding the same amount of Ru precursor
in the same synthesis procedure (Fig. S8, ESI†). The results
reconrmed that the carboxylic group reacted to the strong
anchoring sites for the Ru ion, and could reduce the wasted
amount of Ru precursor.

To investigate the intrinsic hydrogen evolution properties of
CF-Ru@PSC, the number of active sites on the CF-Ru@PSC and
Pt/C catalysts was rst calculated by the copper underpotential
deposition (Cu-UPD) method (Fig. S12, ESI†). From the Cu-UPD
measurement results, the number of active sites on CF-Ru@PSC
and Pt/C was determined to be 0.519 � 10�3 g�1 and 0.473 �
10�3 g�1, respectively (Fig. S13, ESI†). With the above intrinsic
properties of the CF-Ru@PSC and Pt/C catalysts, the turnover
frequencies (TOF) of the catalysts are shown in Fig. 2c. The TOF
values for each active site of the CF-Ru@PSC and commercial
Pt/C catalysts were obtained from the estimated numbers of
active sites. The TOF results of the CF-Ru@PSC and commercial
Pt/C catalysts are presented, accompanying the recently re-
ported HER electrocatalysts (including Co-NG, CoMoS4,
NiCo2PX, CoP, CoPX, NiPX, T-MoS2, and PtRu/RFCS) in the
neutral condition.29–34 The TOF value of the CF-Ru@PSC catalyst
at an overpotential of 0.15 V and 0.20 V are 1.51 and 2.70H2 s

�1,
respectively, which is larger than those of the previously re-
ported electrocatalyst and commercial Pt/C (1.30, and 2.38H2

s�1, respectively). The abovementioned merits of the CF-
Ru@PSC catalyst, with its low overpotential, Tafel slope, and
high TOF value, suggested its superior activity compared to Pt/C
and the other reported catalysts in the neutral environment. As
shown in Fig. 2d, the current density of each catalyst is given at
overpotential values of 150 mV and 300 mV. The CF-Ru@PSC
catalyst showed a higher current density for HER than the
PSC, Non CF-Ru@PSC and Pt/C catalysts at the various potential
ranges, and the difference in the current density between CF-
Ru@PSC and the other catalysts was even greater when the
overpotential was larger. In Fig. S14 (ESI†), the charge-transfer
resistance (Rct) values of the CF-Ru@PSC and Pt/C catalysts
were also conducted at �0.125 V and �0.175 V vs. RHE,
respectively. The Rct values of CF-Ru@PSC at �0.125 V and
�0.175 V vs. RHE were 0.98 and 0.78 U cm2, respectively, which
are lower values than that of the commercial Pt/C catalyst (1.45
and 1.17 U cm2, respectively). Among the PSC, CF-Ru@PSC, and
Pt/C catalysts, CF-Ru@PSC showed the smallest Rct value at
�0.175 V vs. RHE (Fig. S14, ESI†). The Rct value is related to the
J. Mater. Chem. A, 2020, 8, 14927–14934 | 14929
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Fig. 2 Electrocatalytic HER activity of the CF-Ru@PSC catalyst. (a and b) Polarization curves and corresponding Tafel plots of PSC, Non CF-
Ru@PSC, CF-Ru@PSC, and Pt/C catalyst in a CO2-saturated 1 M KOH solution. (c) TOF values of the CF-Ru@PSC and Pt/C with other recently
reported HER catalysts under neutral conditions. (d) Current density at an overpotential of 150 mV and 300 mV for PSC, Pt/C, Non CF-Ru@PSC,
and CF-Ru@PSC. (e) Durability test of Pt/C, Non CF-Ru@PSC, and CF-Ru@PSC. The polarization curves were conducted before and after 3000
potential cycles in a CO2-saturated 1 M KOH solution from�0.35 V to 0.15 V vs. RHE. (f and g) Price activity (PA) of each catalyst and price activity
at the overpotentials of 100mV, 200mV, and 300mV in a CO2-saturated 1 M KOH solution. (h) Capacitive current of PSC, Non-CF-Ru@PSC, and
CF-Ru@PSC at 0.15 V with different scan rates.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
9 

M
ay

 2
02

0.
 D

ow
nl

oa
de

d 
on

 3
/9

/2
02

1 
6:

12
:2

1 
A

M
. 

View Article Online
electrocatalysis kinetics for the hydrogen evolution process. The
lower Rct value for CF-Ru@PSC, in comparison with that of the
Pt/C catalyst, indicated that the faster HER reaction kinetics
occurred on the surface of CF-Ru@PSC, which corresponds with
a lower Tafel slope of CF-Ru@PSC than that of Pt/C. The coin-
ciding tendencies indicate the superior electrochemical activi-
ties of the CF-Ru@PSC catalyst for HER in a CO2-saturated
condition. The electrochemical stability of each catalyst was
estimated using an accelerated durability test (ADT) with long-
term (3000 cycles) and short-term (1000 cycles) ranges in the
HER potential window (Fig. 2e and S15, ESI,† respectively). Aer
continuous 3000 cyclic voltammetry (CV) cycles, the HER
polarization curve of the commercial Pt/C catalyst was nega-
tively shied by 254 mV at a current density of 5 mA cm�2. The
Non CF-Ru@PSC catalyst was also negatively shied by 144 mV
14930 | J. Mater. Chem. A, 2020, 8, 14927–14934
under the same condition. In contrast, the HER polarization
curve of the CF-Ru@PSC catalyst maintained its electrocatalytic
performance with only 8 mV shi in the same condition. Aer
a long-term durability test, the morphology of the CF-Ru@PSC
catalyst (Fig. S16, ESI†) showed well-dispersed Ru nano-
particles on the PSC substrate without signicant agglomera-
tion, although there were obvious changes in the morphology
and metal particles in Pt/C and Non CF-Ru@PSC (Fig. S17 and
S18, ESI†). The high electrochemical stability of CF-Ru@PSC,
compared to that of the Non CF-Ru@PSC catalyst, is attrib-
uted to the strong interaction between the Ru metal and PSC
substrate during the removal process of a carboxylic functional
group. Therefore, it is worthwhile to note that the CF-Ru@PSC
catalyst showed much better electrochemical performance and
stability compared to the commercial Pt/C and Non CF-
This journal is © The Royal Society of Chemistry 2020
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Ru@PSC HER catalysts. The price-based activities (PA) of the
CF-Ru@PSC, Non CF-Ru@PSC and commercial Pt/C catalysts
were also conducted, considering the differences in their prices
(Fig. 2f and Table S1†). The CF-Ru@PSC catalyst showed better
price activity (26.3 A per dollar) than the Non CF-Ru@PSC (13.8
A per dollar) and Pt/C catalysts (4.1 A per dollar) at the over-
potential of 200 mV. Furthermore, the price activity of the CF-
Ru@PSC catalyst was better than those of the Non CF-
Ru@PSC and Pt/C catalysts at the various potential regions,
and the difference in the price activities between CF-Ru@PSC
and other catalysts was even greater when the overpotential
was larger (Fig. 2g). These results indicated that the CF-Ru@PSC
electrocatalyst was a superior candidate for practical applica-
tions with high current density. In order to evaluate the elec-
trochemical effective surface area (ECSA) of the PSC, Non CF-
Ru@PSC, and CF-Ru@PSC catalysts, the electrochemical
double-layer capacitance (Cdl) was also conrmed (Fig. 2h).
Interestingly, the Cdl of the CF-Ru@PSC catalyst was almost 2.7
times higher than that of the Non CF-Ru@PSC catalyst, even
though the amount of Ru contents in the CF-Ru@PSC catalyst
was slightly higher than that of the Non CF-Ru@PSC catalyst.
These additional results indicated that the removal process of
the –COOH functional groups induced the additional electro-
chemical effective active sites between the Ru nanoparticles and
PSC substrates. The additional active sites between Ru and the
PSC substrate also might be attributed to the enhanced elec-
trochemical properties of the CF-Ru@PSC catalyst.
HER enhancement mechanism for CO2-saturated condition

Fourier transform infrared (FT-IR) measurements were con-
ducted to investigate the changes produced by the functional
groups on the PSC substrate during the synthesis procedures.
Fig. 3a shows the IR spectra of the PSC substrate, carboxylated
PSC (denoted as CF-PSC), and CF-Ru@PSC. The doublet band
with peaks at 2913 and 2855 cm�1 was ascribed to the C–H
stretching vibrations, and the C]C double bond of the
aromatic rings was assigned at 1627 cm�1, respectively. Aer
carboxylation on the PSC substrate, a band at 1712 cm�1 was
observed, indicating the stretching vibrations in the carboxylic
acid group related to the O]C–OH functional group. The
additional band at 1383 cm�1 in COOH-PSC corresponded to
the COO– functional group, which also conrmed the presence
of the –COOH functional group on the PSC substrate aer acidic
treatments. As shown in the IR spectrum of CF-Ru@PSC, the
carboxylic functional groups were totally removed at the surface
of the PSC substrate during the annealing process. This means
that the –COOH functional groups served as the anchoring sites
between the Ru ion and PSC substrate and were easily removed
by inducing a strong bond between Ru and the PSC substrate
aer producing the CF-Ru@PSC catalyst. In Fig. S19 (ESI†), the
XPS results also corresponded well with the FT-IR measure-
ments. To validate the electronic and structural congurations
of the CF-Ru@PSC catalyst, the Ru K-edge X-ray absorption near
edge structure spectra (XANES) were investigated with RuO2/C,
Ru foil, and RuO2 as the references (Fig. 3b). The positioning of
the adsorption edge reects the valence state of Ru. The
This journal is © The Royal Society of Chemistry 2020
position and line shapes of the main peak in the Ru K-edge
XANES spectra of CF-Ru@PSC were analogous to that of the
Ru foil (Ru0), whereas the RuO2 and RuO2 loaded on the carbon
substrate (RuO2/C) indicated the reference standard of the Ru4+

spectra. Interestingly, the Ru in the CF-Ru@PSC catalyst
showed a metallic electron conguration, but was slightly
shied to a lower energy than the Ru foil reference. The slightly
reduced electron density of Ru in CF-Ru@PSC might be attrib-
uted to the interaction between the Rumetal and PSC substrate.
The Fourier-transformed (FT) k3-weighted extended X-ray
absorption ne structure (EXAFS) spectrum is also presented
in Fig. 3c. In the EXAFS results, the Ru–O(C) scattering peak was
located at around 1.4 �A, and the Ru–Ru scattering peak was
located at around 2.3 �A. The intensity of the scattering peak is
related to the coordination number. Therefore, the lower
intensity of the Ru–Ru peak in the CF-Ru@PSC catalyst
(compared to that of the Ru foil) indicated the unsaturated
coordination of Ru–Ru in CF-Ru@PSC in comparison with that
for the Ru foil. The reduced coordination number of Ru in CF-
Ru@PSC is attributed to the interaction between the Ru metal
and PSC substrate (Ru–C), suggesting that the Ru metal in CF-
Ru@PSC is strongly bonded with the carbon substrate. To
identify the electronic contribution of Ru and the PSC substrate,
high-resolution XPS spectra of C 1s in Non CF-Ru@PSC, CF-
Ru@PSC, and Ru loaded on the carbon substrate (Ru/C) were
also investigated (Fig. 3d). In comparison with Non CF-Ru@PSC
and Ru/C, the peak for C–C was slightly shied to a lower
binding energy region (284.2 eV). Therefore, from the electronic
analysis, it can be concluded that the electron of the Rumetal in
CF-Ru@PSC was transferred to the carbon substrate owing to
the strong interaction between Ru and the carbon substrate,
which agreed well with the XAFS measurements.

DFT calculations were further performed to elucidate the
fundamental origin of the superior HER performance of CF-
Ru@PSC. The HER activity can be estimated based on the
Gibbs free energies of hydrogen adsorption, DGH*.35 The closer
the absolute value of DGH* to zero, the better the activity of HER.
In this regard, we have calculated DGH* at Pt(111), Ru(0001),
and CF-Ru@PSC (Fig. 3e). Ru(0001) had a DGH* of �0.28 eV,
where the HER activity was lower than that of Pt(111), which
had a DGH* of �0.12 eV. Interestingly, CF-Ru@PSC had a DGH*

of �0.10 eV, where the HER activity of Ru@PSC was slightly
superior to that of Pt(111). The Bader charge analysis conrmed
that the 0.72e charge was transferred from the Ru particles to
the PSC substrate when the Ru particles were coupled with the
carbon support (Fig. 3f). This indicated that the Ru particles,
which lose their electrons and thus are relatively positively
charged, are expected to weaken their interaction with the
protons, reducing the hydrogen adsorption strength. To further
investigate the effect of the carbon support, we calculated DGH*

at a region far away from the graphene sheet in the CF-Ru@PSC
structure (Fig. S20a, ESI†). The Gibbs free energy values showed
�0.26 eV, which was similar to that of Ru(0001), implying that
the intrinsic property of Ru might dominate the upper part of
CF-Ru@PSC. However, the closer it was to the carbon sheet, the
more affected it was by the PSC substrate. Therefore, this result
supported the possibility that the strong interaction between
J. Mater. Chem. A, 2020, 8, 14927–14934 | 14931
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Fig. 3 Synthesis mechanism and electronic configuration. (a) FT-IR spectra of the PSC, CF-PSC, and CF-Ru@PSC samples. (b and c) Ru K-edge
X-ray absorption near edge structure spectra and Fourier transform (FT) of the Ru K-edge extended XAFS (EXAFS) spectra of Ru foil, RuO2, RuO2/
C, and CF-Ru@PSC. (d) High-resolution XPS spectra of the C 1s in Non CF-Ru@PSC, CF-Ru@PSC, and commercial Ru/C. (e) DFT calculated HER
profile for Pt(111), Ru(0001), and Ru(0001) in CF-Ru@PSC. (f) Schematic of interfacial charge transfer in CF-Ru@PSC for ruthenium (blue green)
and carbon (grey). Isosurface charge density difference was obtained with the isosurface value of �0.005 eV�A�3. Yellow colors are the negative
charges and blue colors are the positive charges.
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the Ru metal and PSC substrate was responsible for increasing
the average HER activity of CF-Ru@PSC in the CO2-saturated
media.
Aqueous Zn–CO2 system for indirect CO2 utilization fromHER

The aqueous Zn–CO2 system was recently developed as
a hydrogen production system that uses carbon dioxide (CO2).25

For the efficient utilization of CO2 in the aqueous Zn–CO2

system, the fast and efficient hydrogen evolution reaction
should be obtained in a neutral condition. During the operating
process, the HER occurred on the cathode with the oxidation of
the Zn electrode. The electrochemical reactions involved in this
system are the electrochemical redox reaction and CO2 disso-
lution reaction:

zinc oxidation reaction: Zn + 4OH� /

Zn(OH)4
2� + 2e�, E� ¼ �1.25 V

hydrogen evolution reaction: 2H+ + 2e� /

H2(g), E� ¼ 0.00 V

CO2 dissolution reaction (chemical reaction):

CO2 + H2O / H+ + HCO3
�

14932 | J. Mater. Chem. A, 2020, 8, 14927–14934
During the operating condition, H2 is generated with the
additional dissolution of CO2, leading the carbonate ions to
maintain the pH condition at the catholyte. In this regard, the
electrochemical performance of the commercial Pt/C, Non CF-
Ru@PSC, and CF-Ru@PSC catalysts was evaluated using the
aqueous Zn–CO2 system, which can indirectly utilize CO2 gas
with HER. As shown in Fig. S21 (ESI†), the aqueous Zn–CO2

system was assembled with zinc metal/alkaline electrolyte (6 M
KOH)/membrane/aqueous electrolyte (CO2-sat'd 1 M KOH)/
catalyst-coated electrode. The polarization curves of each cata-
lyst are presented in Fig. 4a. The three-electrode system using
a reference electrode was conducted to distinguish the details of
the electrochemical performances in the anodic (zinc oxidation
reaction) and cathodic reaction (HER). The single-cell polari-
zation curve of the CF-Ru@PSC catalyst showed a maximum
current density of 236 mA cm�2, which is larger than that of Pt/
C (207 mA cm�2) and Non CF-Ru@PSC (184 mA cm�2). The
larger maximum current density was 45.4 mW cm�2, achieving
107% of that based on the commercial Pt/C catalyst (42.2 mW
cm�2) and 123% of that based on the Non CF-Ru@PSC catalyst
(36.7 mW cm�2), as shown in Fig. 4b. These electrochemical
proles correspond well with the results from the LSV curves
(Fig. 2a). To further investigate the long-term electrochemical
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The aqueous Zn–CO2 system. (a) Polarization curves of the
Pt/C, Non CF-Ru@PSC and CF-Ru@PSC catalysts. (b) I–V profiles
and corresponding power densities of the Pt/C, Non CF-Ru@PSC
and CF-Ru@PSC catalysts. (c) Long-term stability test during
consecutive discharge at 10 mA cm�2 in the CO2-saturated oper-
ating condition of the commercial Pt/C, Non CF-Ru@PSC and CF-
Ru@PSC catalysts. (d) The in-operando qualitative GC profiles of the
outlet CO2 gas before and during operation with the CF-Ru@PSC
catalyst at 100 mA under CO2-saturated 1 M KOH. The red-colored
area in the inset indicated the converted amount of CO2 during
operation.
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stability of each sample, the chronopotentiometric proles on
the aqueous Zn–CO2 system were conducted at a constant
current density (@ 10 mA cm�2), as shown in Fig. 4c. The
commercial Pt/C electrode showed continuous degradation
over 300 min with a substantial decrease in cell voltage from
0.67 V to 0.51 V. For the CF-Ru@PSC catalyst, in contrast, an
outstanding hydrogen evolution performance was attained
over 1000 min without a signicant degradation of the cell
voltage (from 0.66 V to 0.62 V during a period of 1000 min),
indicating the structural and electrochemical stability.
Furthermore, the photograph of the indirectly utilized CO2 is
also displayed aer the stability measurements for the CF-
Ru@PSC catalyst, as shown in Fig. S22a (ESI†). The white
solid product was collected, and the crystal structure was
investigated using XRD measurements (Fig. S22b†). As shown
in the XRD proles, the solid phase of KHCO3 was nally
produced. These results also indicated that the CF-Ru@PSC
catalyst is an effective electrocatalyst with high electro-
chemical stability for the indirect utilization of CO2 in the
This journal is © The Royal Society of Chemistry 2020
aqueous Zn–CO2 system. To conrm the qualitative amount of
converted CO2 gas, the generated H2 gas and utilized CO2 gas
were analyzed by quantitative gas chromatography (GC) in-
operando condition. Fig. 4d reveals the in-operando quantita-
tive GC proles of the CF-Ru@PSC catalyst at a discharge
current of 100 mA under CO2-saturated 1 M KOH using the
aqueous Zn–CO2 system. In the operating condition, the
actual amount of generated H2 was found to be 0.683
mL min�1, which is calculated to be 98.2% of the Faraday
efficiency of the CF-Ru@PSC electrocatalyst. Simultaneously,
because the H2 evolution process led to the basication of the
electrolyte and further dissolution of the CO2 feed gas into the
electrolyte, the difference of the CO2 rate caused by the indi-
rect utilization of CO2 gas was detected as the red-colored area
shown in the inset of Fig. 4d. Therefore, these results indi-
cated that the CF-Ru@PSC electrocatalyst demonstrates an
efficient HER progress with the indirect utilization of CO2

under CO2-saturated practical conditions.
Conclusions

In summary, we report a facile approach to strongly anchor the
Ru nanoparticles as an efficient stable electrocatalyst for the
indirect utilization of CO2 from HER in an aqueous Zn–CO2

system. The uniform Ru nanoparticles (�5 nm) were obtained
from the coordination between the Ru ions and carboxylic acid
on the PSC substrate, and the subsequent reduction process. In
this study, we report the unique approach for the strong inter-
action between metallic Ru and the carbon substrate with
a combination of the two facile synthesis procedures (func-
tionalization for anchoring Ru and removal of functional
groups to improve conductivity). The CF-Ru@PSC electro-
catalyst not only maintains the metallic Ru on the PSC
substrate, but also has additional catalytic active sites upon Ru–
C interaction, which is effective for CO2 utilization with HER in
the aqueous Zn–CO2 system. The CF-Ru@PSC catalyst exhibited
high TOF values (1.51H2 s

�1 @ an overpotential of 0.15 V and
2.70H2 s

�1 @ an overpotential of 0.20 V) with signicantly high
structural stability. Furthermore, the CF-Ru@PSC catalyst
showed efficient HER electrochemical performance with
a smaller overpotential at both low and high overpotential
regions than that of the benchmark Pt/C catalyst, as well as
a lower Tafel slope of CF-Ru@PSC (37 mV per decade, CO2-
saturated 1 M KOH). In addition, the aqueous Zn–CO2 system
based on the CF-Ru@PSC catalyst exhibited superior electro-
chemical performance (45.4 mW cm�2), stability over 1000 min
with consecutive operation, and high faradaic efficiency (98.2%)
in a CO2-saturated condition. This work provides a unique and
facile synthetic process for the efficient electrocatalyst for an
aqueous Zn–CO2 system. Furthermore, this facile synthesis
progress can also be extended to other active metals for prac-
tical applications.
Conflicts of interest

There are no conicts to declare.
J. Mater. Chem. A, 2020, 8, 14927–14934 | 14933

https://doi.org/10.1039/d0ta03050c


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
9 

M
ay

 2
02

0.
 D

ow
nl

oa
de

d 
on

 3
/9

/2
02

1 
6:

12
:2

1 
A

M
. 

View Article Online
Acknowledgements

This research was supported by the Creative Research Initiative
(CRI, 2014R1A2069102), BK21 Plus (10Z20130011057), Science
Research Center (SRC, 2016R1A5A1009405) and Young
Researcher (2019R1C1C1006650) Programs through the
National Research Foundation (NRF) of Korea, funded by the
Ministry of Science, ICT, and Future Planning. This work was
also supported by the Global PhD Fellowship Program through
NRF Grant funded by the Korean Government (NRF-
2018H1A2A1060644), and the Mid-Career Researcher Program
(NRF-2018R1A2A1A05077532) through the National Research
Foundation Korea, funded by the Ministry of Science, ICT, and
Future Planning. This work was also supported by “Trans-
formational Technologies for Clean Energy and Demonstra-
tion”, Strategic Priority Research Program of the Chinese
Academy of Sciences, Grant No. XDA21000000; the K. C.Wong
Education Foundation, Grant No. GJTD-2018-10, and Youth
Innovation Promotion Association (grant no. 2014237), Chinese
Academy of Sciences. This work was also supported by the 2020
Research Fund of KOREA East-West Power Co., LTD (EWP)
(2.190769.01).

References

1 C. Kim, J. Kim, S. Joo, Y. Bu, M. Liu, J. Cho and G. Kim,
iScience, 2018, 9, 278–285.

2 Y. Zhu, H. A. Tahini, Z. Hu, J. Dai, Y. Chen, H. Sun, W. Zhou,
M. Liu, S. C. Smith, H. Wang and Z. Shao, Nat. Commun.,
2019, 10, 149.

3 M. R. Gennero de Chialvo and A. C. Chialvo, J. Electroanal.
Chem., 1994, 372, 209–223.

4 J. Mahmood, F. Li, S.-M. Jung, M. S. Okyay, I. Ahmad,
S.-J. Kim, N. Park, H. Y. Jeong and J.-B. Baek, Nat.
Nanotechnol., 2017, 12, 441–446.

5 C. Hu, L. Zhang and J. Gong, Energy Environ. Sci., 2019, 12,
2620–2645.

6 Y. Zheng, Y. Jiao, Y. Zhu, L. H. Li, Y. Han, Y. Chen,
M. Jaroniec and S.-Z. Qiao, J. Am. Chem. Soc., 2016, 138,
16174–16181.

7 J. Wang, Z. Wei, S. Mao, H. Li and Y. Wang, Energy Environ.
Sci., 2018, 11, 800–806.

8 S.-Y. Bae, J. Mahmood, I.-Y. Jeon and J.-B. Baek, Nanoscale
Horiz., 2020, 5, 43–56.

9 J. Yu, Q. He, G. Yang, W. Zhou, Z. Shao andM. Ni, ACS Catal.,
2019, 9, 9973–10011.

10 Y. Liu, X. Yong, Z. Liu, Z. Chen, Z. Kang and S. Lu, Adv.
Sustainable Syst., 2019, 3, 1800161.

11 W. Li, Z. Wei, B. Wang, Y. Liu, H. Song, Z. Tang, B. Yang and
S. Lu, Mater. Chem. Front., 2020, 4, 277–284.

12 Y. Bu, H. Jang, O. Gwon, S. W. Kim, S. H. Joo, G. Nam, S. Kim,
Y. Qin, Q. Zhong, S. K. Kwak, J. Cho and G. Kim, J. Mater.
Chem. A, 2019, 7, 2048–2054.

13 Y. Bu, S. Kim, O. Kwon, Q. Zhong and G. Kim,
ChemElectroChem, 2019, 6, 1520–1524.
14934 | J. Mater. Chem. A, 2020, 8, 14927–14934
14 P. Cao, J. Peng, S. Liu, Y. Cui, Y. Hu, B. Chen, J. Li and
M. Zhai, Sci. Rep., 2017, 7, 16048.

15 J. Xia, Y. Fu, G. He, X. Sun and X. Wang, Appl. Catal., B, 2017,
200, 39–46.
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