54185 1 P -
202541/ CHINESE JOURNAL OF INORGANIC CHEMISTRY

Vol.41 No.1
174-182

EEASERATF/NRTEMWARGHARTRSBER

)y KA ELRERT
(REEIRFMHIRFE TRFIR, RS KEBE AT LI, KE  300384)

TEE . RHNG AR LA BB (Pyr-GDY ) 1E 42 9K ATURL 1 & i A7) Aw/Pyr-GDY , b & Kok 1 P RS 8 3.69 nm., 1%
PR RS A A R R B R 1 A A SRR SRS L 75 -0.3 Vi(vs RHE)AME R, &% 0 32.1 pg-h'-mg, ', &
Aw/C (5l E T8 e BB I A GO IBRD 4 3.5 0 B4R, Aw/Pyr-GDY Hif Ak AR IS R BT B 5 308 26.9% , I HLHA #id 22
h B fEAR T A

KRR : Ar s NG EYPRRT 5 R AL R
FESES: 0614.123 XERFRIZAG: A XEHE: 1001-4861(2025)01-0174-09
DOI: 10.11862/CJIC.20240305

Small-size Au nanoparticles anchored on pyrenyl-graphdiyne for N, electroreduction

LIU Chang ZHANG Chao LU Tongbu®
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Abstract: A gold catalyst of Au/ pyrenyl - graphdiyne (Pyr-GDY) was prepared by anchoring small size of gold
nanoparticles (Au NPs) on the surface of Pyr-GDY for electrocatalytic nitrogen reduction reaction (eNRR), in which
Au NPs with a size of approximately 3.69 nm was evenly distributed on spongy-like porous Pyr-GDY. The catalyst
exhibited a good electrocatalytic activity for N, reduction in a nitrogen-saturated electrolyte, with an ammonia yield
of 32.1 pg-h'-mg, " at =0.3 V (vs RHE), 3.5 times higher than that of Au/C (Au NPs anchored on carbon black).
In addition, Au/Pyr-GDY showed a Faraday efficiency (FE) of 26.9% for eNRR, and a good catalysis durability for
over 22 h.
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0 Introduction gy annually, with a low thermal conversion of 15% and
. . . . . significant emission of greenhouse gases"*'®. Owing to
Ammonia is one of the most high-yield industrial 8 g 8 &

its high bond energy of 941 kJ-mol”, it is difficult to

chemicals in the world. As an excellent hydrogen stor-
age material, it is widely used in pharmaceutical, fertil-
izers, chemical industries, synthetic fibers, and other
industries, and utilized as biofuels"”. The industrial
Haber-Bosch process for ammonia production requires

temperatures of 350-550 °C and pressures of 15-35
MPa, consuming approximately 1%-3% of global ener-
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reduce N, to ammonia , which requires complex

and multi-step reactions with high energy™'.

Electrocatalytic  nitrogen  reduction  reaction
(eNRR) can overcome the harsh reaction conditions of
the Haber-Bosch process using renewable energy such

as wind and solar energy™?*. Up to now, metal cata-
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lysts such as Ru™?", Pd”", Rh™, Au”***, and Mo™!
have been reported for eNRR due to their ability to sup-
press the hydrogen evolution reaction (HER)®!'"!%1934441,
Among these various Au-based catalysts, such as Au

51 Au nanorods®!, Au flowers™, and Au

nanowires
nanoparticles (NPs)™*" have been extensively studied.
The ability to tune the oxidation state of Au enables the
increase of N, adsorption and the decrease of the
energy barrier of eNRR™.,

As an emerging 2D carbon material comprising
sp-/sp’-cohybridized carbon, graphdiyne (GDY) became
a research hotspot after being synthesized by Li's
group in 2010, The positively charged carbon atoms
in GDY can facilitate gas adsorption, and the porous
structure in GDY is beneficial for the transference of
gaseous feedstock and products during reactions™ .
In addition, the 3D porous pyrenyl-GDY (Pyr-GDY)
with a larger specific surface area and excellent nitro-

M1 facilitates the loading of

gen adsorption capacity[
various metal NPs with small sizes without the need for
capping agents for eNRR. Therefore, we used Pyr-GDY
as support to anchor and stabilize the Au NPs for
eNRR, it was found that Au NPs with a small average
size of 3.69 nm can be uniformly distributed on the sur-
face of spongy-like porous Pyr-GDY, and can electro-
catalyze N, reduction to NH;, with a yield of 32.1 pg-
h™+mg, " and a Faraday efficiency (FE) of 30.85% at
—0.2 V (vs RHE). Due to the strong interaction between
Au NPs and the alkyne group in Pyr-GDY, Au/Pyr-
GDY (Au NPs anchored on Pyr-GDY) displays good

durability during long-term N, electrolysis.
1 Experimental

1.1 Materials

Hexadecyltrimethylammonium bromide (CTAB,
99.0%), salicylic acid (technical grade, 90%), hydrogen
tetrachloroaurate trihydrate (HAuCl,-3H,0, 99.9%),
sodium borohydride (NaBH,, 99%), trisodium citrate
(98%), Na,S0, (99%), NaOH (99%), carbon black
(99%), sodium hypochlorite (NaClO 10% available
chlorine), sodium nitroferricyanide (C;FeN¢Na,0, 99%),
1,3,6,8-tetra|(trimethylsilyl)ethynyl|phrene (TEP-TMS,
99%), copper(ll) acetate (99%), and tetrabutylammonium

fluoride [TBAF, 1 mol-L™" in tetrahydrofuran (THF), 1
mL] were obtained from commercial sources. All chem-
icals were used as received. All solvents were purified
according to standard procedures. Milli-Q water (18.2
MQ - cm resistivity at 25 C) was used in all the experi-
ments. All glassware was washed with aqua regia for 10
min, rinsed with water, sonicated three times for 3 min
with Milli-Q water, and dried before use.

1.2 Synthesis

Preparation of Cu/Pyr-GDY: TEP-TMS (100 mg)
dissolved in 20 ml. THF was desilicated by TBAF (1
mol+L™" in THF, 1 mL) under N, atmosphere for 15 min
to obtain 1,3,6,8-tetraethynylpyrene (TEP) monomer. It
was washed three times with a saturated sodium
chloride solution (20 mL) and was extracted with ethyl
acetate (10 mLX 3). The organic phase was dried with
anhydrous Na,SO,, after filting, and the solvent was
removed under reduced pressure. The obtained TEP
monomer was dissolved with 25 mL pyridine. Copper(Il)
acetate (30 mg) was dissolved in pyridine (5-10 mL) in
a three - necked flask. The TEP solution was added
dropwise into the flask at 110 °C, and the mixture was
kept at the same temperature for 3 d. Pyridine was
removed under reduced pressure. The obtained Cu/Pyr-
GDY powder was washed with N,N-dimethylformamide
(DMF), and acetone to remove unreacted TEP mono-
mers and oligomers, and the dark brown powder was
dried at 50 °C under vacuum overnight.

Preparation of Pyr-GDY: Cu/Pyr-GDY powder (50
mg), FeCl, solution (1 mol-L™', 100 mL), and HCI solu-
tion (I mmol-L™", 300 mL) were mixed in a centrifuge
tube, and the mixture was stirred at room temperature
for 12 h. The powder was separated via centrifugation,
washed three times alternately with HCl (1 mol-L™",
100 mL) and acetone (100 mL), and then Pyr-GDY was
dried at 50 °C under vacuum overnight.

Preparation of Au/Pyr-GDY: according to the liter-
ature method®™, trisodium citrate (0.375 g¢) and
HAuCl,-3H,0 (0.188 g) were dissolved in 15 mL ultra-
pure water under vigorous stirring (>1 400 r-min™").
Subsequently, freshly prepared NaBH, (0.225 g) was
added. The color of the solution changed from transpar-

ent to wine - red. After 2 min the solution was kept
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under mild stirring (400 rmin™") for 6 h at room tem-
perature. Then, 10 mg of Pyr-GDY was added, and the
mixture was stirred for 6 h. It was freeze-dried, placed
in a tube furnace, and heated at 200 °C for 2 h to
obtain Au/Pyr-GDY.
1.3 Instrumentation

The scanning electron microscopy (SEM) images
were measured using an ultrahigh - resolution scanning
electron microscope with FEG (FEI, Verios 460L). The
transmission electron microscopy (TEM) images were
obtained using a transmission electron microscope
equipped with a LaB6 Gun (Tecnai G2 Spirit TWIN,
FEI, USA) at an acceleration voltage of 120 kV. The
high-resolution  transmission electron microscopy
(HRTEM) images and the corresponding energy-
dispersive X -ray spectroscopy (EDS) elemental map-
ping results were obtained using a high - resolution
transmission electron microscope (Talos F200X, FEI,
USA). Raman spectra were recorded using a high-
resolution laser confocal fiber Raman spectrometer
(HORIBA  EVOLVTION, HORIBA  JobinYvon,
France). Powder X-ray diffraction (XRD) was conducted
using a Smart X -ray diffractometer (Smart Lab 9 kW,
Rigaku, Japan) with Cu Ka radiation (A =0.154 178
nm). XRD's working voltage and current were 40 kV
and 150 mA respectively. The diffraction data were
recorded in the 26 range of 20°-80° with a scan rate of
10 (°) *min~". X-ray photoelectron spectroscopy (XPS)
was obtained using a photoelectron spectrometer
(ESCALAB250Xi, THERMO SCIENTIFIC, United
Kingdom), and the XPS spectra were calibrated versus
Cls (284.8 €V) binding energy. The amounts of Au, Fe,
and Cu on the catalysts were determined via inductively
coupled plasma-atomic emission spectroscopy (ICP-MS,
SPECTRO-BLUE). The BET (Brunauer-Emmett-Teller)
surface area and pore size were measured using a multi-
station ratio surface microhole and vapor adsorption

Microtrac  BEL, BELSORP-Max).

FTIR spectra were recorded on a PerkinElmer Frontier

analyzer (Japan,

Mid-IR FTIR spectrometer. The absorbance data from
the spectrophotometer were measured on the Beijing
General TU-1900 ultraviolet-visible (UV-Vis) spectro-
photometer. The '"H NMR spectrum was recorded with

a Bruker 400 MHz spectrometer in CDCl,. The chemi-
cal shifts (8) of "H NMR were measured in ppm, refer-
enced to the residual 'H signal of non - deuterated
DMSO (6=2.5) as internal standards. The electrochemi-
cal experiments for NRR (N, reduction reaction) were
conducted using a CHI660E electrochemical station.
Electrolysis utilized an H -type electrolysis cell. The
Ag/AgCl electrode (saturated KClI solution) and Pt foil
purchased from Gaoss Union (Tianjin) Photoelectric
Technology Co., Ltd., were used as the reference elec-
trode and counter electrode, respectively.
1.4 Electrochemical NRR measurements

The electrochemical experiments were carried out
on an electrochemical workstation using a three -elec-
trode configuration with Au/Pyr-GDY as a working
electrode, a Pt foil counter electrode, and an Ag/AgCl
reference electrode, respectively. The reference elec-

trodes were calibrated on a reversible hydrogen elec-

trode (RHE).
2 Results and discussion

2.1 Structural characterizations

The results of SEM, TEM, Raman spectra, XPS,
and N, adsorption isotherms of Cu/Pyr-GDY, Pyr-GDY,
and Au/Pyr-GDY are given in Fig.S1-S6 (Supporting
information), respectively. Compared with the morphol-
ogy of Pyr-GDY shown in Fig.S1 and S6, the SEM
image (Fig.1la) shows a slight change in the morphology
of Au/Pyr-GDY due to its annealing at 200 “C. The
TEM image reveals that Au NPs were uniformly distrib-
uted on the surface of Au/Pyr-GDY, with the average
size of the Au NPs being about 3.69 nm (Fig. 1b). The
characteristic diffraction pattern of the HRTEM image
of Au/Pyr-GDY is shown in Fig. le. A clear lattice
fringe of 0.236 nm corresponds to the (111) crystalline
plane of Au NPs was observed in Au/Pyr-GDY
(Fig.1c). The elemental mapping images (Fig.S8) of Au/
Pyr-GDY reveal that C and Au were evenly distributed
throughout the sample.

There are three peaks in the Raman spectrum of
Au/Pyr-GDY (Fig.1d), in which the peaks at 1 354 and
1 612 em™ correspond to the C—H in-plane bending

vibration, and the C—C stretching vibration of the
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pyrene ring, respectively. The characteristic peak at
2 182 c¢m™, is attributed to the conjugated diacetylene
links in Au/Pyr-GDY, which shifts to a lower wavenum-
ber by 6 cm™ compared to that of Pyr-GDY (2 188
cm™', Fig. S2b). This shift may be attributed to the
strong interactions between Au NPs and Pyr-GDY. The
XRD pattern of Au/Pyr-GDY showed four peaks
belonging to Au NPs, in which an intense diffraction
peak at 38.10° corresponds to the (111) reflection of
Au crystal surface, and three smaller peaks at 44.31°,
64.59°, and 77.56° correspond to the (200), (220), and
(311) reflections of Au crystal surfaces, respectively
(Fig.le). The content (mass fraction) of Au NPs in Au/
Pyr-GDY was 1.72% as determined by ICP-MS analy-
sis.

The Cls XPS (X-ray photoelectron spectroscopy)
spectrum of Cu/Pyr-GDY shows a peak that can be
deconvoluted into four sub-peaks at 284.6, 285.0,
286.6, and 288.5 eV, respectively (Fig. S3a), corre-
sponding to the binding energies of C=C (sp’), C=C
(sp), C—0, and C=0 bonds, respectively. The area of

the sp’-hybridized carbon was almost twice as large as

that of the sp-hybridized carbon, which aligns with the
ideal structure of Au/Pyr-GDY. The Cls XPS spectrum
of Au/Pyr-GDY was similar to those of Cu/Pyr-GDY
and Pyr-GDY, indicating the anchoring of Au NPs on
Pyr-GDY did not alter its electronic state. The Audf
XPS of Au/Pyr-GDY showed two peaks at 84.4 and
87.9 eV, which corresponds to Audf,, and Audf,,
respectively (Fig. 1f). Compared with those of Au NPs
(84.0 and 87.7 €V), the higher shifts in Au/Pyr-GDY
can be attributed to the strong interactions between Au
NPs and Pyr-GDY. Electron - deficient Au NPs more
readily catalyze eNRR, as they can form stronger bonds
with the intermediates in eNRR"*.

The N, adsorption experiment was carried out at
77 K. The BET surface area and pore size of Au/Pyr-
GDY were determined to be 454 m*+¢™" and 3.1 nm, re-
spectively (Fig.S5e and S5f), indicating a large surface
area in the 3D sponge-like porous Pyr-GDY. In addi-
tion, the BET surface area and pore size were deter-
mined to be 465 m*+g™" and 3.8 nm for Pyr-GDY (Fig.
S5¢ and S5d). Compared to those of Pyr-GDY, the

slight decrease in BET surface area and pore size is

Au (111)
0.236 nm

=

5nm!
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\ Au/Pyr-GDY

o
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(2200 311)4
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Fig.1 (a) SEM image, (b) TEM image and the histogram for the size distribution of Au NPs (Inset), (c) HRTEM image
and the diffraction pattern, (d) Raman spectrum of Au/Pyr-GDY; (e) XRD patterns of Cu/Pyr-GDY, Pyr-GDY,
and Au/Pyr-GDY; (f) XPS spectra for Audf'in Au/Pyr-GDY and Au
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likely due to some pores being blocked by the Au NPs.
Moreover, the result of infrared spectroscopy analysis
(Fig. S9) shows that the surface capping agent on Au
NPs was removed in Au/Pyr-GDY.

2.2 N, electroreduction

After successfully synthesizing Au/Pyr-GDY, we
conducted nitrogen reduction tests by purging with
argon and then nitrogen for 30 min. During the electrol-
ysis, the H-type electrolysis cell was purged with nitro-
gen to ensure that the nitrogen bubbles accurately
reached the working electrode. A mixture of Au/Pyr-
GDY (0.8 mg:cm™) and carbon black (0.8 mg:cm™)
was loaded onto a pre-treated carbon cloth. The experi-
ment utilized a three-electrode configuration consisting
of an Au/Pyr-GDY working electrode, a Pt foil counter
electrode, and an Ag/AgCl reference electrode. All
potentials in the test were converted to potentials ver-
sus RHE. The corresponding calibration curves for col-
orimetric ammonia and hydrazine hydrate are shown in
Fig.S10 and S11.

As shown in Fig.2a, the current intensity of the N,-
saturated electrolyte was larger than that of the Ar-satu-
rated electrolyte, indicating that Au/Pyr-GDY exhibit-
ed eNRR activity. At =0.3 V (vs RHE), the highest
NH; yield (Yyy) reached 32.1 pe+h'emg, =" (Fig.S12a)
with a FE of 26.9% (Fig.2b), and the current intensity
of =0.47 mA-cm™ (Fig. 2c). To confirm the origin of
NH,, three controlled experiments were conducted: (1)
the working electrode in an Ar-saturated electrolyte so-
lution at 0.3 V (vs RHE) for 2 h; (ii) The working elec-
trode in an electrolyte with continuous N, flow at open

circuit potential for 2 h; (i) Bare carbon cloth in an

electrolyte with continuous N, flow at —=0.3 V (vs RHE)
for 2 h. The corresponding UV -Vis absorption spectra
(Fig. S12b) indicated that a negligible amount of NH,
product was generated under the three conditions. No
hydrazine had been detected, indicating the good selec-
tivity of the catalyst (Fig.S12¢). The N isotopic label-
ing experiment was further conducted to verify the orig-
inal N source of the NH;. As shown in Fig.S13, the
spectra indicated a triplet coupling for “NH," and a
doublet coupling for "NH, using "N, and "N, as feed-
stock, respectively, which was consistent with those of
(**NH,),S0, and (*NH,),SO,, demonstrating the produc-
tion of NH; resulting from the electrocatalytic eNRR on
Au/Pyr-GDY.

The catalysts of Au NPs anchored on the carbon
black (Au/C) were also prepared for comparison. As
shown in Fig.S14, though the SEM and TEM images of
Au/C confirmed the presence of Au NPs on the carbon
black support, the XPS spectrum of Au4f in Au/C
showed that Au NPs had no interaction with the carbon
black support (Fig. 3a). The XRD pattern of Au/C
showed that the Au NPs on Au/C were not well crystal-
lized (Fig.S15), with the peaks at 38.16° and 43.75°
corresponding to the (111) and (200) reflections of the
Au crystal surface, and an obvious peak around 24.52°
corresponding to the (002) plane of graphite. In addi-
tion, the BET surface area of Au/C (87 m’-g™') was
much smaller than that of Au/Pyr-GDY (Fig.S16). As
expected, the N, electroreduction performance of Au/C
was much inferior to that of Au/Pyr-GDY, with an NH,
yield of only 9.30 wg-h™'+mg,, ™" and a FE of 11.47% at
-0.2 V (vs RHE) (Fig.3b), and a current intensity of
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g ;_i @ &
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N, ——-0.6'V (vs RHE)
4 . ; . . . 0 y . . . . g
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Fig.2 (a) Linear sweep voltammetry curves in Ar- and N,-saturated 0.1 mol-L™' Na,SO, solution; (b) NH, yield and FE

at different applied potentials in 0.1 mol-L™" Na,SO, solution of Au/Pyr-GDY; (c) Chronoamperometry tests with
Au/Pyr-GDY electrode at various potentials from —0.2 to 0.6 V (vs RHE) in 0.1 mol - L' Na,SO, solution
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only =0.34 mA-cm™ at 0.2 V (vs RHE) (Fig.3c). The
above results indicate that Pyr-GDY is superior to car-
bon black as support for anchoring Au NPs and eNRR,
due to the stronger Au NPs and Pyr-GDY interactions,
as well as the larger BET surface area. Moreover, it was
found that Au/Pyr-GDY could be stable for more than
22 h (Fig.4a) and five cycles (Fig.4b). After the cyclic
test, the morphology of Au/Pyr-GDY had been main-

tained, the Au NPs in Au/Pyr-GDY had not been aggre-
gated (Fig.S17). In addition, the characteristic peaks in
Raman spectroscopy (Fig. S18a) and XRD remained
unchanged (Fig.S18b). In contrast, the morphology of
Au/C after eNRR indicated that the Au NPs were

aggregated due to the weak Au-C interactions in Au/C
(Fig.S19).
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Fig.3 (a) XPS spectra of Audf for Au/C and Au; (b) NH; yields and FE of Au/C at different applied potentials

in 0.1 mol - L™" Na,SO, solution; (¢) Chronoamperometry tests of Au/C at various potentials from —0.2 to

-0.6 V (vs RHE) in 0.1 mol - L' Na,SO, solution
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Fig.4 (a) Stability test and (b) cycling test of Au/Pyr-GDY catalyst at =0.3 V (vs RHE)

3 Conclusions

Pyr-GDY with rich alkyne groups can act as an
excellent support for anchoring and stabilizing small
Au NPs through strong Au/Pyr-GDY interaction, with
an average size of 3.69 nm. The strong interactions
between Au NPs and Pyr-GDY also lead to Au NPs’
electron deficiency due to the electron-deficient nature
of alkyne groups, which could form stronger bonds with
the intermediates during eNRR. In addition, the sponge-
like porous Pyr-GDY possessed a large BET surface
which is beneficial for eNRR. As a result, Au/Pyr-GDY

exhibited good electrocatalytic performance for N,
reduction to NH,, with an NH; yield of 32.1 wg-h™'-
mg,,.”', and a FE of 26.9% at —0.3 V (vs RHE). Au/Pyr-
GDY had good durability during long-term electrolysis.
This paper demonstrates that GDY -based materials are
excellent supports for anchoring and stabilizing small

metal NPs for efficient catalysis of N, electroreduction.
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