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ABSTRACT

For electrochemical carbon dioxide reduction (CO,RR), CO,-to-CO conversion is considered an ideal route towards carbon
neutrality for practical applications. Gold (Au) is known as a promising catalyst with high selectivity for CO; however, it suffers
from high cost and low mass-specific activity. In this study, we design and prepare a catalyst featuring uniform S-doped Au
nanoparticles on N-doped carbon support (denoted as S-Au/NC) by an in situ synthesis strategy using biomolecules. The S-
Au/NC displays high activity and selectivity for CO in CO,RR with a Au loading as low as 0.4 wt.%. The Faradaic efficiency of CO
(FE¢o) for S-Au/NC is above 95% at -0.75 V (vs. RHE); by contrast, the FE;o of Au/NC (without S) is only 58%. The Tafel slope
is 77.4 mV-dec™, revealing a favorable kinetics process. Furthermore, S-Au/NC exhibits an excellent long-term stability for
CO,RR. Density functional theory (DFT) calculations reveal that the S dopant can boost the activity by reducing the free energy
change of the potential-limiting step (formation of the *COOH intermediate). This work not only demonstrates a model catalyst
featuring significantly reduced use of noble metals, but also establishes an in situ synthesis strategy for preparing high-
performance catalysts.
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Tremendous research efforts have been made to improve the
electrocatalytic performance of Au for CO,RR, aiming at reducing
the use and improving the mass-specific activity of Au. The
specific surface area would be vastly increased when the material is
downsized to nanoscale. Sun et al. reported that monodisperse Au
nanoparticles 8 nm in size showed the maximum Faradaic
efficiency for CO (FEqo) of 90% at —0.67 V (vs. RHE) [17]. The
surface structures of catalysts, such as faces, corners, and edges,
play critical roles in heterogeneous catalysis [13]. It has been
reported that for Au nanoparticles, the edge sites are more
selective for CO, whereas the corner sites prefer to give H, [18].
Different morphologies for Au nanoparticles, such as
nanowires [15], nanoneedles [19], and nanoporous Au [20], have
been reported, demonstrating high selective CO, reduction to CO
for CO,RR. In addition, for pure Au catalyst, theoretical

1 Introduction

Global warming is a critical issue facing humankind, which
demands scientists to explore renewable energy sources and
decrease carbon dioxide (CO,) emission. Electrochemical CO,
reduction (CO,RR) can be operated under ambient temperature
and pressure, and thus offers an ideal route towards carbon
neutrality by converting renewable electricity into carbon-
containing chemical feedstocks. Among the different CO,RR
products (CO, HCOOH, C,H,, etc.), CO could be used as a
feedstock for bulk chemical manufacturing. The conversion of
CO, into CO is considered one of the most promising candidate
reactions because of its high technological and economical
feasibility. To achieve high-efficiency CO,-to-CO conversion,
many advanced catalysts have been developed, including single-
atomic site catalysts [1-6], molecular catalysts [4-7], alloys [8-9],

and metal-free carbon-based catalysts [10-12]. Among these
advanced catalysts, gold (Au) is known as a promising catalyst that
exhibits high catalytic activity and high selectivity for CO [13-16].
However, Au is of high cost, and also susceptible to poisoning,
which constrains its large-scale applications.

simulations suggested that the *COOH formation step has the
largest free energy change, and this potential-limiting step (PLS)
hinders the activity and selectivity for CO for CO,RR [19, 21, 22].
Introducing heteroatoms [23,24] could alter the electronic
structure of Au, and thus is an effective strategy to reduce the free
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energy change for the PLS [25]. Kanan et al. prepared oxide-
derived Au featuring metastable surfaces, which exhibited highly
FE at low overpotentials [26]. Compared with O (oxygen) and
N (nitrogen), S (sulfur) can enhance the local electron density
around the active sites because of its lower electronegativity [27,
28], and thus may promote the proton-coupled electron transfer
to key intermediates [29, 30]. However, the studies on S dopant in
Au-based catalysts for CO,RR are still rather scarce.

In this work, we designed and prepared the catalyst featuring S-
modified uniform Au nanoparticles on N-doped carbon support
(denoted as S-Au/NC) by in situ synthesis strategy using
biomolecule. The adsorbed L-cysteine (Cys) of Au,; offers the S
source and metal-organic frameworks (MOF) was conversed into
N-doped carbon matrix. The S-Au/NC displayed high activity and
selectivity for CO in CO,RR with a Au loading as low as 0.4 wt.%.
The FE(, for S-Au/NC is above 95% at —0.75 V (vs. RHE); by
contrast, the FEq, of Au/NC (without S) is only 58%. The Tafel
slope is 774 mV-dec”, revealing a favorable kinetics for CO
generation. Density functional theory (DFT) calculations revealed
that S-doped would help to reduce the free energy change of the
PLS (that is, formation of the *COOH intermediate). This work
not only demonstrates a model catalyst featuring significantly
reduced use of noble metals, but also establishes an in situ
synthesis strategy for preparing high-performance catalysts.

2 Experimental

Synthesis of in situ S-doped Au nanoparticles: in a typical
procedure, Zn(NO;),-5H,0 (0.74 g) and 2-methylimidazole (1.64
g) were dissolved separately into methanol (25 mL), and then the
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solution of 2-methylimidazole was subsequently poured into the
solution of Zn(NO,),,6H,0. After mixing and stirring at room
temperature for 24 h, the solid (ZIF-8) was centrifuged and
washed with methanol three times. The prepared ZIF-8 was
ultrasonically dispersed into methanol (20 mL). And Au,s-Cys
aqueous solution (100 mL) was dropwisely added into the ZIF-8
solution and stirred for 3 h. It was centrifuged and washed with
water and ethanol for three times. Subsequently, the solid was
dried in vacuum at 60 °C for 6 h. Finally, the sample was placed in
a tube furnace and heated to 1,000 °C for 1 h with a ramping rate
of 5 °C-min™' under Ar to yield S-Au/NC.

The synthesis of Au,s-Cys, NC, Au,s-Cys/NC, and Au/NC
composites can be found in Electronic Supplementary Material
(ESM). The electrochemical measurements, characterizations, and
computational methods were illustrated in the ESM.

3 Results and discussion

Figure 1(a) illustrates the in situ synthesis strategy for the S-Au
nanoparticles on N-doped carbon matrix. First, Au,s clusters
capped with Cysbiomolecules (denoted as Au,s-Cys) were
synthesized according to previous reports [31, 32]. Subsequently,
the composite comprising Auys-Cys clusters and ZIF-8 particles
was subjected to pyrolysis, during which S-doped Au
nanoparticles were in situ formed. By adjusting the loading
amount of Auys-Cys clusters, Au nanoparticles with uniform sizes
could form on the N-doped carbon support. As shown in the
transmission electron microscopy (TEM) image (Fig. 1(b)), ZIF-8
particles are around 100 nm in size. The Au,s-Cys clusters were
mixed with ZIF-8 in ethanol under ultrasonication, and the
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Figure1 (a) Schematic illustration of the preparation procedure of S-Au/NC. ((b)-(d)) TEM images for ZIF-8 (b), Auy-Cys/ZIF-8 (c), and S-Au/NC (d). (e)
HRTEM image of S-doped Au. (f) EDS mapping results for Auand S. (g) XRD patterns for ZIF-8, Au,s-Cys/ZIF-8, Au/NC, and S-Au/NC.
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clusters were evenly adsorbed onto the surface of ZIF-8 (Fig. 1(c)
and Fig. S1 in the ESM). After pyrolysis at 1,000 °C for 1 h, the
small Auy-Cys clusters disappeared (Fig. 1(d)), and larger Au
nanoparticles (~ 10 nm in size) were found on the carbon support.
The high-resolution TEM (HRTEM) image (Fig. 1(e)) of the Au
nanoparticles shows clear lattice fringes with a spacing of 0.21 nm,
which corresponds to the (200) facets of face-center cubic phase
Au. The TEM images for Au/NC could be seen in Fig. S3 in the
ESM. The Au loading of S-Au/NC was determined to be 0.4 wt.%
via inductively coupled plasma optical emission spectroscopy (ICP-
OES), whereas Au loading of Au/NC is 10 wt.% (Table S1 in the
ESM). The elemental distribution of Au and S was confirmed by
energy-dispersive X-ray spectroscopy (EDS) elemental mapping
(Fig. 1(f)). It is noticeable that the signals of S overlap well with the
signals of Au. The EDS mapping results for C and N are shown in
Fig.S2 in the ESM. The XRD pattern (Fig. 1(g)) shows the
diffraction peaks (111), (200), (220), and (311) characteristic of
face-centered cubic Au (JCPDS No. 04-0784); notably, no
diffraction peaks characteristic of Au,S were found in S-Au/NC
catalyst, suggesting that the S atoms are doped in Au nanoparticles
by in situ synthesis.

Figure 2(a) shows the UV-visible absorption spectrum of the
prepared Au,s-Cys clusters. The four characteristic peaks located
at 440, 545, 670, and 780 nm can be clearly identified, indicating
that the Au,s-Cys clusters were successfully obtained. As the -SH
group in Cys has a strong affinity to Au, the Cys biomolecules are
adsorbed on the surface of Au,s. This process was validated by the
Fourier transform infrared spectroscopy (FTIR). Figure 2(b)
shows the FTIR spectra of Cys, Au,s-Cys, Au,s-Cys/ZIF-8, and S-
Au/NC. For Cys, the bands located around 1,590 and 1,390 cm™
corresponds to the asymmetric and symmetric stretching of
COO; the bands in the range of 3,000-3,500 and 1,542 cm™ can
be assigned to the -NHj;" stretching and N-H bending vibrations,
respectively. Besides, the weak band at 2,556 cm™ confirmed the
presence of the —SH group [33]. By contrast, in the spectral
profiles for Au,s-Cys and Au,s-Cys/ZIF-8, the band typical of -SH
group disappeared, which confirmed the formation of Au-S
bonds on the surface of Au clusters. The adsorbed Cys
biomolecules on the surface of Auys could serve as the S source for
following reactions. After pyrolysis, the S-Au/NC catalyst was
obtained via the biomolecule-assisted synthesis approach. The
chemical composition and structure were examined by X-ray
photoelectron spectroscopy (XPS) (Fig. $4 in the ESM) [34]. As
shown in Fig. 2(c), the high-resolution XPS profile of S 2p can be
deconvoluted into four peaks. The peaks at 164.1 and 165.2 eV
represent S 2p;, and S 2p,, in the form of ~-C-S-C- in carbon sp’
structure [30, 35]; the two peaks at 162.3 and 163.1 eV can be
ascribed to S 2ps, and S 2p,, for S-doped Au [36]. On the basis of
the above analysis, the S-doped Au/NC was synthesized
successfully via in situ sulfidation using biomolecule.

The electrocatalytic performance for CO,RR was assessed in 0.1
M KHCO; electrolyte in an H-type cell. The electroreduction
activity was first evaluated via linear sweep voltammetry (LSV).
The prepared Au/NC, Auy-Cys/NC, and NC were used as
reference samples. The S-Au/NC displayed the highest total
current density and the lowest onset potential (Fig. 3(a) inset). The
higher current density over S-Au/NC than over Au,;-Cys/NC, S-
Au/NC reveals that the effect of S doping is more efficient than
that of —-SH adsorption. In particular, the catalytic activity of S-
Au/NC was significantly higher than that of Au/NC, indicating
that the S doping for Au would help to improve activity for
CO,RR. Potentiostatic electrolysis was conducted to evaluate the
FEco. H, and CO are the only products identified by gas
chromatography (GC) analysis (Fig. S5 in the ESM) and 'H NMR
spectroscopy (Fig. S6 in the ESM). As Fig. 3(b) clearly shows, the
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Figure2 (a) UV-visible absorption spectrum of Au,s-Cys, (b) FTIR spectra
for Cys, Auys-Cys, Au,s-Cys/ZIF-8, and S-Au/NC. (c) The high-resolution XPS
profile of S 2p.

FEqq value of S-Au/NC is greater than 85% over a wide potential
range from -0.55 to —0.85 V (vs. RHE), and reaches the
maximum value of 95% at —0.75 V (vs. RHE). By contrast, the
Au/NC and Au,;-Cys/NC achieve maximum FEq, values (58%
and 62%, respectively) at -0.75 V (vs. RHE). The CO partial
current density (jco) of S-Au/NC is also significantly higher,
achieving 152 mA-cm”® at —0.75 V (vs. RHE), which is
approximately 5.0, 3.3, and 5.2 times larger than those of Au/NC,
Au,;-Cys/NC, and NC, respectively (Fig. 3(c)). The Au/NC was
prepared with the same loading with S-Au/NC (0.4 wt.%). As
shown in Fig.S7 in the ESM, it displays the low total current
density and low FE. The FE« is only 62% at —0.75 V (vs. RHE),
which is lower than those of S-Au/NC. By introducing S atoms
into Au, the activity and FEq of the S-Au/NC was significantly
improved over the entire range of tested potentials.

The Tafel plot regarding j.o reveals the reaction kinetics of
different catalysts (Fig. 3(d)). The Tafel slope for S-Au/NC is 77.4
mV-dec”, which is the smallest value among those prepared
catalysts. By contrast, the Tafel slopes of Au/NC, Au,s-Cys/NC,
and NC are 179.5, 175.7, and 244.7 mV-dec”, respectively. It
reveals that the step of electron and proton transfer (formation of
the *COOH intermediate) is the PLS for CO,RR [39]. The S-
doped Au shows a favorable kinetics for CO formation during
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Figure3 (a) LSV, (b) FEqo, (¢) joo, (d) Tafel plots, (e) plots of the current density versus the scan rate for S-Au/NC (0.4 wt.%), Au/NC (10 wt.%), Au,s-Cys/NC, and
NC in CO,-saturated in 0.1 M KHCO; solution. (f) Comparison of jo and FEq, (maxima) for state-of-the-art Au catalysts (Au-CDots-C;N, [37], C-Au [17], Auss-C
[38], Au-1.6-C [14], and Au-CeO,/C [16]) with high loadings. (g) Long-term operation test and the corresponding FE, of S-Au/NC at —0.75 V (vs. RHE).

CO,RR. From the N, adsorption-desorption isotherm, it can be
seen that the Brunauer-Emmett-Teller (BET) surface area of S-
Au/NC (1,123.4 m*g™") was larger than that of NC (7754 m*g™)
(Fig. S8 in the ESM). To reveal the intrinsic activity, the double
layer capacitance (C;) was determined via cyclic voltammetry
(CV) (Fig.S9 in the ESM). As shown in Fig. 3(e), the Cj for S-
Au/NC (235.5 mF-cm™) was much higher than those of the other
samples (70.4 mF-cm™ for Au/NC, 29.8 mF-cm™ for Au,s-Cys/NC,
and 33.9 mF-cm” for NC), indicating that the S-Au/NC has a
larger electrochemical active surface area than the others. In
particular, as shown in Fig. 2(f), compared with those of other
state-of-the-art Au catalysts with high loadings, the high FE, and
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joo can be obtained by using S-Au/NC with a low loading (0.4
wt.%). Notably, the content of Au of S-Au/C is the smallest among
recently reported data. Furthermore, S-Au/NC exhibited an
excellent long-term stability for CO,RR; the current density
showed no significant decay and the FE, maintained at > 92%
after 45 h continuous electrolysis (Fig. 3(g)).

We carried out DFT calculations to unveil the underpinning
mechanism of CO,RR on the catalysts [40-43]. The structural
model for Au(100) is shown in Fig. 4. The model with one surface
Au atom of the Au(100) surface replaced by a S atom was
constructed to mimic the S-doped Au catalyst (denoted as S-
Au(100)). In order to successfully obtain the most stable structures

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure4 (a) Gibbs free energy diagrams for the CO,RR on Au(100) (black
line) and S-Au(001) (red line) at zero potential. The optimized adsorption
configurations for the various intermediates on Au(100) (b) and S-Au(100) (c).
Au atom in gold, S atom in green, C atom in gray, O atom in red, and H atom
in white, respectively.

of S-Au(100), we conducted ab initio molecular dynamics
simulations (AIMD) (Fig. S10 in the ESM). Several local-minimal-
energy structures were selected for further structural optimization
firstly, and then the most stable configuration was used for further
calculations. We next calculated the free energy diagram for
CO,RR to CO on the Au(100) (in black line) and S-Au(100) (in
red line) surface. As shown in Fig.4(a), the formation of the
*COOH intermediate was found to be the PLS for both models.
The calculated free energy changes are 0.98and 0.83 eV for
Au(100) and S-Au(100), respectively (Table S2 in the ESM). The
most stable configurations of *COOH and *CO adsorption on
Au(100) and S-Au(100) were shown in Figs. 4(b) and 4(c),
respectively. To unveil the origin of the stronger adsorption for the
key intermediate COOH on S-Au(100) than on Au(100), the d-
band centers of the two models were computed (Fig. S11 in the
ESM). S-Au(100) has a value of —3.16 eV (slightly closer to its
Fermi level), and this in turns leads to the strengthened
adsorption. These results clearly show that by rationally
introducing S dopants into Au catalysts, the structure of catalytic
sites could be tuned and the CO,RR performance could be
boosted accordingly. The theoretical calculation results are in good
agreement with the experimental data.

4 Conclusions

For CO,RR, reducing the use of Au and improving its mass-
specific activity are considered as promising strategies for practical
applications. In this work, we designed and prepared the catalyst
featuring uniform S-Au/NC by in situ synthesis strategy using
biomolecules. The Au,;-Cys clusters were synthesized first, and
the adsorbed Cys on Auys served as the S source. The MOF was
converted into N-doped carbon matrix after pyrolysis. The S-
Au/NC displayed high activity and selectivity for CO in CO,RR
with a Au loading as low as 0.4 wt.%. The FE value of S-Au/NC
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is greater than 85% over a wide potential range from —0.55 to
—0.85 V (vs. RHE), and reaches the maximum value of 95% at
-0.75 V (vs. RHE). By contrast, the Au/NC and Au,s-Cys/NC
achieve maximum FE, values respectively of 58% and 62%, at the
same potential. The Tafel slope of S-Au/NC is 77.4 mV-dec,
implying a favorable kinetics for CO generation. Furthermore,
after 45 h continuous electrolysis, the current density showed no
significant decline and the FE-, was maintained at > 92%,
revealing an excellent stability. DFT and AIMD calculations show
that the S dopants would help to reduce the free energy change for
the PLS, which improved the activity for CO,RR. This work
demonstrates a model catalyst featuring significantly reduced use
of noble metals, and offers a promising approach for CO,RR
practical applications.
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