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Abstract

Zinc cyanamide (ZnNCN) particles were prepared via ligand exchange reaction
between zinc salt, ammonia solution, and aqueous cyanamide solution. Sil-
ver cyanamide (Ag2NCN)/ZnNCN composite particles were subsequently fab-
ricated by blending silver salt in the precursor salt solution and employing the
same ligand exchange reaction process. The structure of the photocatalysts
was characterized using X-ray diffraction (XRD), scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FT-IR), and ultraviolet-visible
(UV-Vis) absorption spectroscopy. The results demonstrated that pristine Zn-
NCN exhibited petal-like particle morphology and was a wide-bandgap semicon-
ductor material (Eg=4.66 ¢V). The morphology of Ag2NCN/ZnNCN composite
particles differed substantially from both pristine ZnNCN and Ag2NCN, with
the two metal cyanamides combining via weak physical interactions to form
a heterostructure. The spectral response range of the composite particles ex-
tended into the visible light region, with a bandgap Eg=2.05 eV. The photo-
catalytic activity of ZnNCN and Ag2NCN/ZnNCN composite particles under
xenon lamp irradiation was investigated using rhodamine B as the target pol-
lutant for photocatalytic degradation. Compared with pristine ZnNCN and a
mechanical mixture of Ag2NCN and ZnNCN, the Ag2NCN/ZnNCN composite
particles exhibited enhanced photocatalytic performance, following first-order
reaction kinetics.
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Abstract

Semiconductor-based photocatalytic technology, using abundant and renewable
sunlight as an induced light source, represents an emerging successful approach
to address global energy and environmental challenges. Considerable efforts
have been devoted to developing novel photocatalysts with good sunlight re-
sponse and high quantum conversion efficiency. In this work, single ZnNCN
microparticles were prepared by ligand exchange reaction between zinc salt, am-
monia, and cyanamide. Additionally, Ag NCN/ZnNCN heterostructures were
fabricated using the same ligand exchange process but with silver salt mixed to-
gether with zinc salt. The samples were characterized by XRD, SEM, infrared
spectroscopy (FT-IR), and ultraviolet-visible spectrometry (UV-Vis). The re-
sults showed that single ZnNCN formed flower-like particles with a wide band
gap (E_g = 4.66 e¢V). Compared with single ZnNCN, the Ag NCN/ZuNCN
composite particles exhibited different morphology with rough surfaces, and
physical interaction existed between the two kinds of metal cyanamides in the
composites. Due to the heterostructure formation, the light response spec-
trum of Ag NCN/ZnNCN composite particles extended to the visible light re-
gion, and the band gap narrowed to 2.05 eV. The photocatalytic activity of
Ag NCN/ZnNCN composite particles in degrading Rhodamine B under xenon
irradiation was investigated, with single ZuNCN and a mechanical mixture of
Ag NCN and ZnNCN tested under the same conditions for comparison. The
Ag NCN/ZnNCN heterostructure showed apparently enhanced photocatalytic
activity, following first-order reaction kinetics.

KEY WORDS visible-light photocatalysis, zinc cyanamide, silver cyanamide,
ligand exchange reaction

Introduction

With the development of social economy, environmental pollution and energy
shortage have become major challenges facing humanity. The discovery of pho-
tocatalysis as an environmentally friendly technology provides new solutions
to these problems. In 1972, Fujishima and Honda [1] first reported that TiO
semiconductor electrodes could split water under illumination. Subsequently,
Carey et al. [2] demonstrated that TiO -water systems could degrade various
refractory organic compounds under UV irradiation. Since then, photocatalytic
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reactions of wide-bandgap semiconductor materials represented by TiO have
been extensively studied. However, because wide-bandgap semiconductors can
only be excited by UV light, their utilization of solar energy is low, limiting
their practical applications. Developing novel, efficient visible-light-responsive
photocatalytic materials is currently a hot research topic in photocatalysis [3-
5].

The cyanamide ion ([NCN]? ) is a linear triatomic ion that can form metal-metal
bridging compounds with various metals [6-10]. In the [NCN]? structure, the
C and N atoms undergo sp? hybridization to form a delocalized conjugated
system, and the electron delocalization characteristics of its HOMO and LUMO
orbitals are more similar to the electronic structure features of carbides or sul-
fides [11,12]. The [NCN]? ion has two different electronic structural states: the
symmetric structure [N=C=N]? [11-17] and the asymmetric structure [N C-
NJ]? [18-21]. These two structures are analogous to the resonance structures
of benzene rings. During the photoresponse process, photogenerated electrons
can achieve efficient charge migration through conversion between the two reso-
nance structures [22], reducing electron-hole recombination and improving the
quantum conversion efficiency of photocatalysts. Therefore, the structural char-
acteristics determine that metal cyanamide complexes may have good visible-
light response and photocatalytic performance. In 2013, Zhao et al. [22] first
reported the photocatalytic degradation activity of organic dyes by nano- and
micro-sized Ag NCN particles. In 2015, our research group [23,24] synthesized
TiO -Ag NCN composite particles and found they had good photocatalytic hy-
drogen production ability due to their unique band structure.

Currently, reports on metal cyanamides mostly focus on crystal structure syn-
thesis, while studies on their photocatalytic performance are relatively scarce.
In this work, ZnNCN ([Zn-N-C N]) was synthesized by a simple ligand ex-
change method, and its band structure and photocatalytic activity were investi-
gated. To extend the spectral absorption range of ZnNCN to the visible region,
Ag NCN/ZnNCN composite particles were synthesized, and their structure and
enhanced visible-light photocatalytic activity were studied.

1. Experimental
1.1 Preparation of Photocatalysts

The experimental materials included AgNO (purity > 99.8%), Zn(NO ) (purity
> 99%), ammonia solution (mass fraction 25%), and aqueous cyanamide solution
(mass fraction 50%), all of which were analytically pure and used without further
treatment. Deionized water was used throughout the experiments.

The synthesis procedure for ZnNCN was as follows: 1.78 g of Zn(NO ) - 6H O
was dissolved in 60 mL deionized water; 40 mL of 3 mol/L NH - H O was added
dropwise to obtain a transparent solution; then 80 mL of 0.9 wt% aqueous
cyanamide solution was added dropwise with stirring for 30 min to obtain white
ZnNCN particles, which were centrifuged, washed, and vacuum-dried at 60 °C.
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The synthesis procedure for Ag NCN was: 0.51 g AgNO was dissolved in 30
mL deionized water; 60 mL of 3 mol/L NH - H O was added dropwise to obtain
a transparent solution with continued stirring for 20 min; then 30 mL of 0.9
wt% aqueous cyanamide solution was added dropwise with stirring for 30 min
to obtain a dark yellow solid, which was centrifuged, washed, and vacuum-dried
at 60 °C.

The synthesis procedure for Ag NCN/ZnNCN composite photocatalyst was:
0.51 g AgNO was dissolved in 30 mL deionized water; separately, 1.78 g
Zn(NO ) -6H O was dissolved in 60 mL deionized water; the two solutions were
mixed thoroughly. Then 60 mL of 3 mol/L NH - H O was added dropwise to ob-
tain a transparent solution with stirring for 20 min; subsequently, 30 mL of 0.9
wt% aqueous cyanamide solution was added dropwise with stirring for 30 min
to obtain a dark yellow solid, which was centrifuged, washed, and vacuum-dried
at 60 °C to yield the dark yellow Ag NCN/ZnNCN composite photocatalyst.

1.2 Structural Characterization

Crystal structures were determined by X-ray diffraction (XRD) using a D /max-
2500PC diffractometer (Cu K , tube voltage 50 kV, tube current 100 mA, wave-
length 0.15406 nm, graphite monochromator) with a scanning step of 0.02° and
scanning range of 5°-90°. Morphology was observed using an EVO18 field-
emission scanning electron microscope (SEM). Fourier transform infrared (FT-
IR) spectra were recorded on a VERTEX-70 spectrometer using KBr pellets.
UV-Vis diffuse reflectance spectra were measured on a Lambda-35 UV-Vis spec-
trophotometer in the wavelength range of 200-800 nm.

1.3 Photocatalytic Degradation Experiments

Photocatalytic degradation was performed using 80 mL of 1x10 mol/L Rho-
damine B solution as the target pollutant, with 80 mg photocatalyst added
and dispersed by ultrasonication. Before illumination, the suspension was mag-
netically stirred in the dark for 30 min to achieve adsorption equilibrium. A
PLS-SXE300/300UV xenon lamp (300 W) was used as the light source for ver-
tical irradiation of the reaction solution. Every 5 min, 4 mL of suspension was
sampled, centrifuged at high speed, and the supernatant was analyzed using a
TU-1900 UV-Vis spectrophotometer to measure the absorbance of Rhodamine
B at its maximum absorption wavelength of 566 nm. The concentration change
of Rhodamine B was determined from a calibration curve.

2. Results and Discussion
2.1 Structure of ZnNCN and Ag NCN/ZnNCN Composite Particles

In this work, ZnNCN particles were prepared through ligand exchange reaction
between cyanamide ions ([NCNJ]? ) and NH molecules. The reaction equations
are as follows:
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Zn®*" + 4NH, — [Zn(NH,),]**

[Zn(NH,),]*" + [NCNJ2~ — ZuNCN | +4NH,

The SEM image of white ZnNCN particles is shown in [Figure 1: see original
paper]ja. The prepared ZnNCN exhibited a flaky morphology, with ZnNCN
flakes stacking to form beautiful flower-like structures. Each flower-like ZnNCN
cluster had a particle size smaller than 2 m. [Figure 1: see original paper|b
shows the SEM image of single Ag NCN particles, which exhibited a rectan-
gular prism shape. The SEM image of Ag NCN/ZnNCN composite particles
prepared from mixed Ag and Zn? solutions is shown in [Figure 1: see original
paper]c. Compared with single ZnNCN particles ([Figure 1: see original pa-
per]a), the composite particles showed significantly different morphology, with
the flower-like structure disappearing and the particles becoming irregular in
shape with rough surfaces. EDS analysis ([Figure 1: see original paper]d) indi-
cated that the composite particles contained Zn and Ag with an atomic ratio
of approximately 1:2. Comparing [Figure 1: see original paper]a, b, and c, the
morphology of the composite metal cyanamide obtained under coexisting metal
ion conditions differed from both single ZnNCN and Ag NCN, suggesting that
the two metal cyanamides doped to form a heterostructure.

[Figure 2: see original paper]a shows the XRD patterns of ZnNCN, Ag NCN,
and Ag NCN/ZnNCN composite particles. The XRD pattern of ZnNCN was
basically consistent with its standard XRD data (PDF01-0788), with the only
difference being two peaks of equal intensity at 2 = 28.05° and 28.69°. The
peak at 28.69° corresponds to ZnNCN diffraction, while the peak at 28.05° be-
longs to zinc carbodiimide ([Zn-N=C=N]) [25]. According to literature [25],
[Zn-N-C N] and [Zn-N=C=N] are isomers with the same chemical composition
and similar crystal structures, but different N-C bond lengths in the carbodi-
imide ([N=C=N]?) and cyanamide ([N C-N]?) ions lead to slightly different
lattice parameters, resulting in coexistence of both crystal structures in ZnNCN
solids. In the XRD pattern of Ag NCN/ZnNCN composite particles, character-
istic diffraction peaks of both ZnNCN and Ag NCN (PDF70-523) were observed,
confirming that the composite particles consisted of both ZnNCN and Ag NCN
crystal structures.

[Figure 2: see original paper]b presents the FT-IR spectra of ZnNCN, Ag NCN,
and Ag NCN/ZnNCN composite particles. The three samples showed similar
absorption peak positions. Taking ZnNCN as an example, the absorption peak
at 2043 cm ! arises from the asymmetric stretching vibration of [NCNJ?, the
peak at 1242 cm ! corresponds to symmetric stretching vibration, and the peak
at 677 cm ! is due to deformation vibration of [NCN]? [24]. Additionally, the
peak at 3421 cm ! is the ~-OH stretching vibration, and 1629 cm ! is the bending
vibration of water molecules adsorbed on the ZnNCN surface, indicating that the
synthesized ZnNCN particles contained some surface ~-OH groups. Compared
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with single ZnNCN and Ag NCN particles, the asymmetric stretching vibration
peak of [NCN]? in the Ag NCN/ZnNCN composite particles shifted from 2043
cm ! to 1971 cm . Moreover, no new characteristic absorption peaks appeared
in the composite, indicating that ZnNCN and Ag NCN were not connected by
specific covalent bonds but rather formed composite particles through weak
physical interactions.

The UV-Vis diffuse reflectance absorption spectra of ZnNCN, Ag NCN, and
Ag NCN/ZnNCN composite particles are shown in [Figure 3: see original pa-
per]a. ZnNCN exhibited an absorption edge below 250 nm, indicating strong UV
absorption capability. Compared with single ZnNCN, single Ag NCN showed
significantly enhanced absorption in the visible region. The Ag NCN/ZnNCN
composite particles displayed strong absorption peaks in both visible and UV
regions, demonstrating excellent UV and visible light response activity.

For direct transition semiconductors, the absorbance at the absorption edge
follows Equation (3) [26]:

(hv — E)'?

A=0C hv

where C is a proportionality constant, A is absorbance, h is Planck’ s constant,
is the frequency of incident photons, and FE_ g is the band gap energy. Mathe-
matical transformation of Equation (3) yields Equation (4):

(Ax hv)?=C(hv—E,)

Setting C' = 1 and plotting (A x hv)? versus hv, the band gap energy E g can
be obtained by extrapolating the linear portion of the curve to (A x hv)? =
0. Based on the absorbance A and corresponding wavelength  values from
the UV-Vis diffuse reflectance spectra in [Figure 3: see original paper]a, the
(Ax hv)? versus hv curves for flower-like ZnNCN particles and Ag NCN/ZnNCN
composite particles were obtained, as shown in [Figure 3: see original paper]b
and c, respectively. The band gap energy of ZnNCN was determined to be E_g
= 4.71 eV, while that of Ag NCN/ZnNCN composite particles was E_g = 2.05
eV, which is smaller than that of single Ag NCN (2.42 €V) [24].

2.2 Photocatalytic Performance of Ag NCN/ZnNCN Composite Pho-
tocatalyst

[Figure 4: see original paper] shows the photocatalytic degradation kinetics of
Rhodamine B by Ag NCN/ZnNCN composite particles, single ZnNCN particles,
and a mechanical mixture of ZnNCN and Ag NCN with the same composition
as the composite. All three photocatalysts exhibited weak surface adsorption
activity for Rhodamine B. Upon illumination, the concentration of Rhodamine

chinarxiv.org/items/chinaxiv-201711.02440 Machine Translation


https://chinarxiv.org/items/chinaxiv-201711.02440

ChinaRxiv [$X]

B solution decreased significantly in the presence of photocatalysts. The photo-
catalytic degradation activity followed the order: Ag NCN/ZnNCN composite
particles > Ag NCN+ZnNCN mechanical mixture > single ZnNCN particles.
The Ag NCN/ZnNCN composite particles showed the highest photocatalytic
activity, achieving 95.2% degradation efficiency for Rhodamine B within 30
min. According to Zhao et al. [22], the visible-light photocatalytic degradation
efficiency of single Ag NCN nanoparticles for methylene blue approached 100%
in 40 min, while Ag NCN microparticles reached only about 70% degradation
in 30 min; TiO /Ag NCN composite particles achieved 94.1% degradation for
methylene blue in 1.5 h [24]. Comparison with literature results demonstrates
that the synthesized Ag NCN/ZnNCN composite particles possess high photo-
catalytic degradation activity for organic dye molecules.

The enhanced photocatalytic activity of Ag NCN/ZnNCN composite particles
compared with single ZnNCN and the mechanical mixture of Ag NCN and Zn-
NCN can be attributed to two factors. First, based on the UV-Vis diffuse
reflectance spectra ([Figure 3: see original paper]a), heterostructure formation
reduced the band gap energy, enhancing visible-light absorption capability and
increasing the generation of photogenerated electrons and holes under the same
illumination intensity. Second, the heterostructure may promote separation of
photogenerated electrons and holes [24], further improving photocatalytic effi-
ciency.

The photocatalytic degradation kinetics of Rhodamine B by Ag NCN/ZnNCN
composite particles followed first-order reaction kinetics, described by the equa-
tion:

In 0 — gt
C

where ¢ and ¢ are the equilibrium and initial concentrations of Rhodamine B,
respectively, k is the first-order rate constant, and ¢ is the illumination time.
Fitting the kinetic data from [Figure 4: see original paper]a yielded the curve
shown in [Figure 4: see original paper]b. The fitted curve showed good linearity
with a correlation coeflicient R = 0.98386, indicating that the first-order kinetic
equation well describes the photocatalytic degradation process of Rhodamine B
by Ag NCN/ZnNCN composite particles, with a rate constant £ = 0.108 min .

Conclusions

(1) Novel flower-like ZnNCN particles and Ag NCN/ZnNCN composite pho-
tocatalysts were successfully prepared through a simple ligand exchange
reaction. Single ZnNCN particles had a band gap of 4.66 eV, showing
strong UV absorption characteristics. The Ag NCN/ZnNCN composite
particles formed a heterostructure that reduced the band gap to 2.05 eV,
providing good visible-light response.
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(2) Under xenon lamp irradiation, Ag NCN/ZnNCN composite particles ex-
hibited enhanced photocatalytic degradation activity, superior to both sin-
gle ZnNCN and mechanically mixed Ag NCN+ZnNCN particles. The pho-
tocatalytic degradation efficiency for Rhodamine B reached 95.2% within
30 min. The degradation process followed first-order reaction kinetics with
a rate constant of 0.108 min .
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