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ABSTRACT

The biggest challenge of exploring the catalytic properties of under-coordinated nanoclusters is the issue of
stability. We demonstrate herein that chemical dopants on sulfur-doped graphene (S-G) can be utilized to
stabilize ultrafine (sub-2 nm) Auzs(PET)1s clusters to enable stable nitrogen reduction reaction (NRR) without
significant structural degradation. The Au2s@S-G exhibits an ammonia yield rate of 27.5 ug NHs mgauth-! at -0.5
V with faradic efficiency of 2.3%. More importantly, the anchored clusters preserve ~80% NRR activity after
four days of continuous operation, a significant improvement over the 15% remaining ammonia production
rate for clusters loaded on undoped graphene tested under the same conditions. Isotope labeling experiments
confirmed the ammonia was a direct reaction product of N: feeding gas instead of other chemical
contaminations. Ex-sifu X-ray photoelectron spectroscopy and X-ray absorption near-edge spectroscopy of
post-reaction catalysts reveal that the sulfur dopant plays a critical role in stabilizing the chemical state and
coordination environment of Au atoms in clusters. Further ReaxFF molecular dynamics (RMD) simulation
confirmed the strong interaction between Au NCs and S-G. This substrate-anchoring process could serve as an
effective strategy to study ultrafine nanoclusters' electrocatalytic behavior while minimizing the destruction of
the under-coordinated surface motif under harsh electrochemical reaction conditions.
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1 Introduction

The discrete electronic structure of small
Nanoclusters (from 3~40 atoms) can lead to unique
properties chemical and spectroscopic properties [1]
[21 [3] [4]. Moreover, because of the
under-coordinated surface they can display unique
chemisorption compared with
conventional large nanoparticle systems (>2 nm
diameter) [5]. Thus the ultrafine (from
sub-nanometer to ~2 nm) nanoclusters (NCs) have
attracted growing interest for applications to such
catalytic reactions, as selective hydrogenation [6],
carbon dioxide reduction [7] [8, 9], and carbon
monoxide oxidation [10]. However, the significant
surface under-coordinating nature of NCs tends to
induce the sintering and aggregation of the clusters
with formation of larger particles during reaction,
considerably altering the experimental size-reactivity
relationship. Hence, a crucial challenge to exploit the
intrinsic catalytic properties of NCs [11] is to achieve

cluster stability.

behaviors

Extensive studies have demonstrated that porous
materials such as metal-organic framework (MOF)
[12] [13] [14]and zeolite materials [15] can effectively
interact and confine metallic clusters having just a
few atoms. However, the low conductivity of these
carrier ~ materials  prevents their use as
electrochemical substrates. Moreover, for
electrocatalytic systems Ostwald ripening can cause
severe agglomeration and destruction of the NCs.
Thus, an 1ideal substrate that can stabilize
under-coordinated nanoclusters in a harsh
electrocatalysis environment should feature two
critical characteristics:

1) good electrical conductivity that allows the
electron transfer process;

2) strong anchoring capability to maintain the
overall structure of ultrafine NCs.

It is well-established that Au forms relatively strong
bond with sulfur atoms [16] [17]. Herein, we use
sulfur-doped graphene (S-G) to demonstrate a
dopant-anchoring strategy that can effectively
stabilize  the Auxs(PET)1s  cluster
(abbreviated as Auzs for simplicity) for long term

ultrafine

Address correspondence to p_yang@berkeley.edu

electrocatalysis. The Auzs@S-G exhibits remarkable
stability for the nitrogen reduction reaction (NRR)
with a superior ammonia production rate. Ex-situ
confirmed that the
morphology and chemical state of the ultrafine Auzs

structural characterizations

NCs are well maintained.

2 Experimental
2.1 Synthesis and isolation of Auxs(PET):s

Neutral Auzs(PET)1s nanocluster has been prepared
by a modified method from a previously reported
protocol [18]. HAuCls:3H20 (19.7 mg, 0.05mmol) and
TOAB (32.8 mg, 0.06 mmol) were dissolved in a
round bottom flask with 5 mL of tetrahydrofuran.
The solution was vigorously stirred for 15 min to
form a dark red solution. Phenylethanethiol (34.5
mg, 0.25 mmol) was then added to the solution. A
transparent solution was obtained after 30 min.
NaBHs4 (18.9 mg, 0.5 mmol) was dissolved in ImL
ice-cold water and added immediately to the
reaction mixture. The reaction was stopped after 24
h. The crude sample was precipitated by a large
excessive of ice-cold water and washed with
methanol 3 times to remove unreacted precursors
and free TOAB. The crude sample was passed
through a column and subsequent
size-exclusion to yield pure
Auzs(PET)1s nanocluster. The purity of the sample is
confirmed by UV-vis, ESI-MS analysis, and 'H NMR.
The UV-vis spectrum of Auxs(PET)is nanocluster
shows the characteristic absorption at 402 nm, 459
nm, 639 nm, and 693 nm. '"H NMR spectra of both
TOAB and Auxs(PET)is were recorded. The NMR
peaks of Auzs(PET)is are consistent with the reported
spectrum, which differs from in
[Auzs(PET)18]“TOAB*.! The peaks of TOAB at 3.56(t),
2.41(s), 1.73(s), and 1.14 (d) were not detected in
Auxs(PET)1s, confirming the complete removal of
TOAB in Auzs(PET)us.

silica

column neutral

2.2 Physical characterizations

Transmission electron microscopy (TEM) was carried
out using Hitachi H-7650. Inductively coupled
plasma optical emission spectroscopy (ICP-OES) was
tested using PerkinElmer Optima 7000 DV. XPS
(Thermo Scientific K-alpha) measurement was
conducted using an Al Ka source.



2.3 Catalyst electrode

preparation

Purified Auzs(PET)1s were dispersed in toluene
solution and mixed with sulfur-doped graphene via
vigorous stir (500 rpm) for 1 hour. The Auxs@S-G
were blow-dried by N2. For electrode preparation,
Aux@S-G was dispersed in a mixture of ethanol and
Nafion 117 solution (volume ratio of 100:1) with a
concentration of 1 mgeatlyst mL! to form catalyst ink.
The catalysts ink was drop cast on carbon paper (0.5
cm x 2 cm) on both sides. The mass of loaded Au was
measured by inductively coupled plasma - optical
emission spectrometry (ICP-OES).

loading and

2.4 Electrochemical measurements
Electrochemical experiments

The nitrogen reduction reaction (NRR) experiments
were carried out using a three-electrode Nafion
membrane-separated H-cell on a BiolLogic
potentiostat system. A graphite rod and Ag/AgCl (3
M KCl) were used as counters electrode and a
reference electrode, respectively. Note that both the
Nafion membrane and graphite rod was pretreated
in 5% H20: aqueous solution and ultrapure water at
80°C for 2 hours. 0.05 M H250: was used as the
electrolyte. Prior to NRR testing, the catalyst was
activated by 20 potential cycles between -0.2 V to 0.2
V in Ar-saturated electrolyte for activation. To
remove the trace NHs impurity, ultrapure N2 gas
(99.99%) was bubbled through H2SO4 (1 M) aqueous
solution before fed into the electrolyte. The
electrolyte is saturated with N2 for 30 minutes ahead
of NRR experiments. During the NRR experiment, a
constant N2 flow (20 sccm) was fed into the
electrolyte at the cathode side. All potentials were
calibrated into values versus reversible hydrogen
electrode (RHE) via HER/HOR CV scan using two
platinum wires as WE and CE.

2.5 Determination of ammonia

concentration

Indophenol blue method was used to determine the
ammonia concentration in the electrolyte. The

concentration of ammonia in the electrolyte was
determined using the indophenol blue method with
commercialized ammonia TNT830 wvial test kit
(Purchased from HACH). 5 mL electrolyte was
added to the ammonia reagent vial. After inverting
the cap, the vail was settled for 15 minutes before
UV-Vis spectra was collected. The NH3 production
was indicated by the formation of indophenol blue,
which was determined by the absorbance at 680 nm,
with its concentration calibrated by a standard plot
using a series of standard ammonium sulfate
solutions. NMR measurements were done on a
Bruker Avance 500 system with water suppression.

2.6 Isotope experiment

5Nz isotopic experiment was performed using the
same setup with the only change to be the feeding
gas was switch to ®N2gas. The cell was pre-purged
with Ar for 30 min. The operation current at constant
potential under ®N2 was performed using the same
potentiostat as above. The quantification of ammonia
was accomplished by NMR of the post-reaction
cathodic electrolyte.

3 Results and discussion
3.1 Synthesis and characterization of

AuxNCs and Auzs@ S-G

We first synthesize Auzs(PET)is nanoclusters via a
method[18]. The
synthesis protocol for NCs is illustrated in Figure 1a,

conventional  solution-phase
with the experimental procedures detailed in SI
Methods. The reaction time, temperature, and
concentration of Au precursors were optimized to
achieve good morphology and uniformity. The
as-synthesized Au clusters were purified by passing

through a silica column and subsequent
size-exclusion column to yield pure neutral
Auzs(PET)s nanocluster. Ultraviolet-visible

spectroscopy (UV-vis) and electrospray ionization
mass spectrometry (ESI-MS) analysis were used to
confirm the sample’s purity. As shown in Figure 1b,
UV-vis spectrum of Auzs(PET)1s nanocluster shows
typical characteristic absorption peaks at 402 nm, 459
nm, 639 nm, and 693 nm (highlighted with the red
dashes in Figure 1b), which agree with previous
reported neutral Auxs(PET)is results [18]. ESI-MS



results (Figure 1c)

nanoclusters are

confirm that the purified
Auxs(PET)s  with  atomic
monodispersity, and the isotopic distribution
patterns are consistent with simulated pattern of
Auxs(PET)s (Fig. S1). 'H NMR spectra (Figure S2)
confirmed the complete removal of TOAB in
Auxs(PET)s.

To evaluate the stabilization capability of S-G, we
used undoped graphene nanoplatelets (G) as a
reference substrate for comparison. After purification
of Auz, the loading process was conducted by
stir-mixing NCs and supporting materials in toluene
at RT for 1 hour. Transmission electron microscopy
(TEM) shows the overall size and uniformity of
as-loaded Auz. As shown in figure 1d, Auzs NCs
were uniformly distributed on S-G with an ultrafine
average size of 1.35 + 0.45 nm based on statistical
analysis (inset of Fig. 1d). In contrast, NCs loaded on
graphene substrates show a significant trend toward
aggregation. Nanoparticles with sizes ranging from
2~4 nm could be readily identified on the TEM image
(Figure 1le). This aggregating phenomenon on
graphene can be attributed to the lack of interacting
species. Auzs(PET)1s can interact with the substrate
only via m- m conjugation
phenylethanethiol (PET) staple ligand and graphene.
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Figure 1. (a) Preparation procedure (b) UV-vis spectrum and (c¢) ESI-MS
of as-synthesized Auys(PET);s clusters. Typical TEM images of
Auys(PET) s clusters loaded on (d) sulfur-doped graphene and (e)
graphene. The inset histogram of Fig, 1d shows the size distribution.

3.2 The electrocatalytic NRR tests of Auxs@
S-G and Auzs@G

We performed the nitrogen reduction reaction in 0.05
M H:SOs electrolyte to evaluate the electrocatalytic
property and stability of the Aux»s@S-G composites.
Au mass loading was determined to be to 11 ug/cm?
for both Auxs@S-G and Auxs@G (confirmed by
inductively coupled plasma mass spectrometry). A
graphite rod and an Ag/AgCl (WPI, 3M KCl)
electrode were used as a counter electrode and
reference electrode, respectively. The ammonia yield
rate was determined by UV-Vis absorption spectra
of the electrolyte stained with commercial
indophenol indicator (TNT830) after 3h NRR
operations under various electrochemical potentials.
The concentration of NH* in the electrolyte was
calibrated by a commercial standard ammonia
solution. The standard plot shows a highly linear
relationship between absorbance and concentration
(Figure S3 a-c). As shown in figure 2a, Auxs@S-G
exhibits a peak NHs yield rate of 27.5 pg NHs
mgauth? at -0.5 V with a faradic efficiency (FE) of
2.3%. This Au mass-normalized production rate is
among the highest for previously reported Au-based
NRR electrocatalysts [19] [20] [21]. When the
operation potential was made more negative, both
the ammonia production rate and the FE dropped
dramatically due to the competing hydrogen
evolution reaction (HER). As background reference,
the NRR catalytic test with S-G alone shows
negligible yield
electrochemical testing condition (Figure S4a and b).
HAADEF-STEM (Figure 2b and 2c) was used to
monitor the morphology change between pristine
Auzs and post-NRR Aus. In this side-by-side
comparison, the size and distribution of NCs on S-G
remain mostly unchanged after 3 hours of NRR
operation. The blurred substrate in the STEM image
(Figure 2c) was induced by the addition of Nafion
when preparing the electrode.

ammonia under the same

To detect trace amounts of ammonia, quantitative
isotope measurement is needed to rule out potential
contamination from the surrounding environment
[22]. We conducted N2 isotope
experiments to confirm that the source of nitrogen
species in NHa4* generated comes from the N2 feed
gas (Figure S5a-c). We note that a set of tiny “NHs*

labeling



background triplet peaks appear in the NMR spectra
(Figure S5c). These peaks could be attributed to the
2-3% N2 impurity in the N2 isotope gas tank from
the vendor.

Stability tests of Auxs@S-G and Auxs@G were
conducted by chronoamperometry (CA) with
operation potentials at -0.3 V vs. RHE. The tests were
paused every 24h to analyze ammonia concentration
in the catholyte, and the electrolyte was refreshed
before resuming operation. The initial NRR activity
of Auzs@S-G was 9.5 ug NHs mgau'h at -0.3 V with
a faradic efficiency (FE) of 4.9%, while Aux»s@G
exhibited 2.28 pug NHs mgauth? catalytic activity at
-0.3 V with a faradic efficiency (FE) of 1.85%. The
ammonia production rate (R) was normalized by the
initial rate (Ruital) at different times to compare the
trend in stability. As shown in Figure 2d, The NHs
yield rate for Auxs@S-G drops ~4% per day for the
first 96 hours. In contrast, a dropping rate of ~20%
activity was observed for the Au»s@G sample. TEM
characterizations of post-test samples showed that
S-G supported NCs (Figure 2e) maintained
impressive dispersity and morphology even after 96
h catalytic operation. Whereas Au»s@G (Figure 2f)
leads to NCs suffering from severe agglomeration in

the post durability test.
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Figure 2. (a) Production rate of Au,s@S-G, faradaic efficiency of
Aups@S-G at different potentials for 3 h tests. The star was referring to
the FE, and the histogram represents the ammonia yield rate.
HAADF-STEM image of the (b) as-prepared Au,s@S-G and (c)
Aus@S-G post electrolysis in 0.05 M H,SO, at -0.3V for 3h. (d)
Stability test of Au,s@S-G and Au,s@G, respectively. TEM images of
(E) Aups@S-G and (F) Au,s@G post 96 hours NRR stability test.

3.3 The origin of the enhanced stability of
Auzs@S-G configuration

Ex-situ X-ray photoelectron spectroscopy (XPS) was
used to probe the chemical state of Au species after
interacting with the sulfur-doped substrate. The XPS

result for pristine Au»s NCs (Figure 3a) shows that
the chemical state of Au in pristine clusters is
predominately Au’ which is consistent with
previous spectroscopy studies [23] [24]. After
loading the NCs on S-G, the XPS of the Auxs@S-G
composite shows increasing Aux peaks with a
binding energy of 86 eV and 89.6 eV for the Au 4f
core-level region (labeled as a blue dot in Figure 3b),
which we attribute to the interaction between
sulfur-dopant on S-G with Aux»s NCs. After
conducting NRR at -0.3V for 3 h, the XPS for the
post-reaction Auz@S-G shows a slightly increased
Aux ratio (Figure 3c) compared with as-loaded NCs.
This result indicates that the chemical state of the Au

NCs is stable during catalytic operation, reflecting a

strong interaction between sulfur dopant and NCs.
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Figure 3. X-ray photoelectron spectroscopy of (a) as-synthesized
Auys(PET);g clusters, (b) as-loaded Au,s@S-G and (c) Auxs@S-G post
NRR test. (d) XAS and (e) Au L; edge FT-EXAFS of Au,s@S-G and
Aus@G post 3-hour NRR test at -0.3V vs. RHE, with Au foil and
Auys(PET);s as the reference.

To investigate the interaction mechanism and to
probe local Au atomistic and electronic structure, we
conducted extended X-ray absorption fine structure
(EXAFS) and X-ray absorption near-edge structure
(XANES) measurements on Auzs@S-G and Aus@G
post 3h NRR tests at -0.3 V vs. RHE. The white line
intensity probes the oxidation state of Au at the Au
L-edge in XANES spectra. The Au XANES result
shows that the white line intensities of both samples
(Figure 3d) are close to that of an Au foil, indicating



that the average oxidation state of the NCs is close to
a metallic state. The Au EXAFS (Figure 3e) fitting
results shows an Au-Au bond length of 2.83 A with
CN = 1.1 (Table S1) for Auxs@S-G samples, which is
in line with the value for pure Aux and for the
predicted Auis icosahedral core group (Au-Au bond
length 2.78, CN 1.44) in a previous structural study
[25]. Moreover, both Aux»s@S-G and Auzx show a
Au-S bond length of 2.32 A with similar Au-S CN
(1.8 of Auxs@S-G and 1.9 of Auz). Combined with
our XPS result, we conclude that the sulfur dopant
on S-G partially replaces the thiol ligand to bind with
outer Au atoms. This result also demonstrates that
the Auxs@S-G
characteristics of Auxs(PET)1s even after the catalytic

can maintain the coordination

process.

In contrast, the EXAFS result for Aus@G shows an
Au-Au bond length 2.86 with CN of 4.1 post NRR,
indicating that aggregation has caused Auz to lose
cluster characteristics, getting closer to the bulk
system. Additionally, comparing Aus@S-G with
pristine Aus, the decreased Au-S coordination
number (1.5 of Auzs@G vs. 1.8 of Auzs@S-G and 1.9 of
Auzs) is plausible due to the ligand loss during
sintering. This result shows that the monodispersed
nanocluster without anchoring species on graphene
aggregate during a dynamic electrocatalytic process.

To further reveal the sulfur-dopant role in stabilizing
Au NCs, we carried out atomistic simulations using
the reactive force field (ReaxFF). Based on the
experimental results, we constructed two optimized
models for computation study: 1) Auzs(PET)s on
graphene (Figure 4a); 2) Auxs(PET)is on sulfur-doped
graphene, with one ligand on the cluster replaced by
a sulfur-dopant (Figure 4b). We calculated the
binding energies of the two structures (Table S2),
finding a binding energy of 2.23 eV for Aux@G, and
a binding energy of 7.11eV for Auxs@S-G. Therefore,
the interaction of Au NCs with 5S-G is 4.88 eV
stronger, consistent with experimental observations.
More importantly, this stronger interaction will help
prevent cluster aggregation. To prove this point, we
carried out molecular dynamics simulations for Auzs
dimers on these surfaces, at 298K for 2 ns. The
simulation results (Movie 51-2) show that in 2 ns of
ReaxFF molecular dynamics (RMD) simulation,

sintering occurs for Au»s@G, but not for Aus@S-G
model(Figure S6). This shows that the enhanced
binding can indeed play a role in stabilizing the Au
NCs. These two observations are of the most
importance in promoting catalysis performance and
stability.

Auzs@G

Figure 4. Results from 2ns reactive force field molecular dynamics
(RMD) simulations followed by geometry optimization. Snapshots of (a)
Aups(PET);s on graphene and (b) Au,s(PET);s on  sulfur-doped
graphene, with one ligand on cluster replaced by sulfur-dopant after
anchoring.

4 Conclusion

In conclusion, we successfully demonstrated that
sulfur-doped graphene can stabilize ultrafine Au
clusters for long term NRR electrocatalysis. The
Aus@S-G  catalysts exhibit a high ammonia
production rate of 27.5 ugNH: mgauth! with a
faradic efficiency of 23 % at - 0.5 V. More
importantly, the NCs maintain an 80% NRR yield
rate after the 96 h stability test without morphology
destruction. Ex-situ TEM and STEM
characterizations  highlighted the remarkable
structural stability of the Au2@S-G composite. XPS
and EXAFS studies support the stabilized chemical
state and coordination status of NCs after interacting
with S-G. It would be interesting to extend this work,
to consider substrates with other chemical dopants
(e.g., N, P) to be utilized as an anchoring platform to
probe the ultrafine NC intrinsic electrocatalytic
behavior. This study may contribute to bridge the
gap between conventional nanoparticles [20] [21]and
molecular single atomic catalysts[19], to provide
electrocatalytic mechanism insight about ultrafine
nanoclusters.
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