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Abstract: Drawing inspiration from the enzyme nitrogenase in nature, researchers
are increasingly delving into semiconductor photocatalytic nitrogen fixation due to its
similar surface catalytic processes. Herein, we reported a facile and efficient approach
to achieving the regulation of ZnO/ZnCr.04 photocatalysts with ZnCr-layered double
hydroxide (ZnCr-LDH) as precursors. By optimizing the composition ratio of Zn/Cr in
ZnCr-LDH to tune interfaces, we can achieve an enhanced nitrogen photofixation
performance (an ammonia evolution rate of 31.7 pmol g h-" using pure water as a
proton source) under ambient conditions. Further, photo-electrochemical
measurements and transient surface photovoltage spectroscopy revealed that the
enhanced photocatalytic activity can be ascribed to the effective carrier separation
efficiency, originating from the abundant composite interfaces. This work further
demonstrated a promising and viable strategy for the synthesis of nanocomposite
photocatalysts for nitrogen photofixation and other challenging photocatalytic

reactions.



Introduction

As one of the most essential inorganic chemicals,!!! ammonia (NH3) plays a crucial
role in various fields, including agriculture, explosives, chemical synthesis and
energy.>*! Consequently, the industry of synthetic ammonia occupies a pivotal position
in the national economy."! Despite nitrogen being the most abundant gas in the Earth's
atmosphere (around 78% by volume),!® it is notoriously challenging to activate and
dissociate molecular nitrogen for ammonia synthesis due to its formidable triple bond
(942 kJ mol™).["! In nature, the nitrogen fixation process occurs via the nitrogenase
enzyme and atmospheric fixation by lightning strikes.!®) Industrially, Fritz Haber and
Carl Bosch achieved a breakthrough in artificial ammonia synthesis using Fe-based
catalysts in 1913.°1% However, this method accompanied by high energy consumption
and carbon emission issues, has greatly hindered its sustainable future development.['!]
Therefore, the search for an alternative pathway toward NH3 synthesis using renewable
energy has become a long-term goal. Harnessing clean solar energy as the driving force
to enable nitrogen photofixation is an environmental-friendly and feasible synthetic

route.[!?13

I Further, the linchpin of this route lies in designing efficient photocatalysts
capable of converting nitrogen directly to ammonia under ambient conditions.

Nowadays, whilst enormous advances regarding nitrogen photofixation have been
made in previous studies,!'*'®! the solar-to-ammonia conversion efficiency of
photocatalyst is still too low to garner significant industrial interest.!” The poor
separation efficiency of photogenerated carriers is one of the intrinsic reasons. In
response to this limitation, the utilization of heterojunction strategies has gained
widespread recognition as an effective approach to enhancing the charge-transfer
capability. Consequently, it is feasible to construct advantageous and impressive
heterojunctions with tunable heterostructured interfaces, which can enable effective
photocatalytic reduction of N> to NH3s.

Layered double hydroxides (LDHs), which can be represented by the general formula
MM} (OH)2]%"(A™)gn'yH20 (where M?* and M** refer to specific divalent and
trivalent metal cations respectively, and A" are the charge balancing anions located

between layers), exhibits a superior catalytic property in electrocatalysis and



(18] Meanwhile, LDHs can be served as

photocatalysis due to their unique structure.
precursors for the synthesis of new catalysts with affluent interfaces via calcination
under different oxidizing or reducing atmospheres, such as heterojunctions and
Schottky junctions.!'”) In photocatalysis, the as-designed heterojunctions and Schottky
junctions can effectively promote the separation of photogenerated carriers, thus
boosting photocatalytic activity. Therefore, this synthetic strategy that using LDH as a
precursor, will probably offer a practical means to tune heterostructured interfaces for
high-efficiency nitrogen photofixation.

In this work, we fabricated a series of ZnO/ZnCr204 heterojunction photocatalysts
derived from ZnCr-LDH precursor through a simple thermal process. By optimizing
the composition ratio of Zn/Cr in ZnCr-LDH and calcination temperatures, we can
directly regulate heterostructured interfaces in as-prepared ZnO/ZnCr.O4 and acquire a
considerable NH3 evolution rate of 31.5 pmol g™! h'l. Furthermore, a better nitrogen
photocatalytic activity of ZnO/ZnCr>O4 heterojunction derived from LDH precursors
can be acquired as compared with the ordinary ZnO/ZnCr>0O4 samples prepared by other
methods. The advanced performance can be attributed to the superior carrier separation
efficiency, resulting from the unique interface structures in as-designed ZnO/ZnCr,04
as verified by a number of photo-electrochemical measurements and transient surface
photovoltage spectroscopy (TS-SPV).

Results and Discussion

Among various semiconductor photocatalysts, zinc-based materials have drew
particular attention owing to their non-toxic and cost-effective nature. ) Nonetheless,
the low separation efficiency of photogenerated electrons and holes has hindered their
practical application and further development in photocatalysis. To address this concern,
semiconductor heterojunction has been extensively studied as a valuable method to
improve the photogenerated carriers' separation efficiency (e.g., ZnO and ZnCr,O4).2"
22] Theoretically, the bandgap and crystal structure of ZnCr,O4 are compatible with
those of ZnO, making it an ideal candidate to form a novel heterostructure with ZnO.[??!
In Figure 1a-b, the valence band maximum and conduction band minimum of ZnO gave

the calculated bandgap of about 3.3 eV, and that of ZnCr204 is almost 3.4 eV, basically



(20-22] Moreover, the total and partial density of

consistent with the previous studies.
states were also presented in Figure 1c-d. Notably, the valence band (VB) of ZnO is
mainly composed of Zn 3d and O 2p orbitals, while the conduction band (CB) is a
contribution from the Zn 2s and O 2p orbitals. For ZnCr2O4, the hybridization orbitals
of Cr 3d and O 2p are mainly occupying the VB, with the CB containing Cr 3d and O
2p orbitals. Combined with reported results and our calculated bandgaps,®*! the ZnO
and ZnCr2O4 possessed the properties for forming an efficient heterojunction, and the
photogenerated electrons in ZnCr,O4 would transfer to ZnO, corresponding to the
transition of photogenerated holes to ZnCr204 (Figure S1). The enhanced separation
efficiency of photogenerated carriers in as-designed ZnO/ZnCr204 is supported by the

experimental results below, which enables it to achieve remarkable nitrogen

photofixation capacity.
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Figure 1. The calculated bandgap structures and corresponding density of states for (a,

¢) ZnO and (b, d) ZnCr>Og4, respectively.
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Scheme 1. Schematic illustration of the synthesis of ZnO/ZnCr,04 heterojunction
photocatalysts derived from ZnCr-LDH precursors.

Guided by the above theoretical results, we selected ZnCr-LDH as a precursor to
construct the ZnO/ZnCr204 heterojunction photocatalysts for nitrogen photofixation.
The synthesis steps for ZnO/ZnCr,04 were depicted in Scheme 1. Firstly, the as-
prepared ZnCr-LDH precursor was obtained via the co-precipitation method, then a
series of ZnO/ZnCr,04 heterojunction were obtained by pyrolyzing ZnCr-LDH
precursor at different temperatures in the range of 300-600 °C under the oxidizing
atmosphere (denoted here as ZnxCri-Y, where X is the molar ratio of Zn/Cr and Y is
the calcination temperature). The crystal structures of as-prepared ZnCr-LDH
precursors were confirmed by powder X-ray diffraction (XRD), with all typical peaks
in the XRD patterns of LDHs matching the rhombohedral LDH structure (Figure S2).
In Figure 2a, new XRD reflections indexed to the hexagonal structure of ZnO (JCPDS
No. 36-1451) and the cubic structure of ZnCr204 (JCPDS No. 22-1107) can be observed
in ZnO/ZnCr;04 derived from the ZnxCri-LDH precursors at 500 °C for 2 h (named as
ZnxCri-5). Meanwhile, no other impurity phases can be found in ZnxCr;-5 samples,
suggesting the successful synthesis of ZnO/ZnCr;04. To further determine the X value
in ZnxCri-5, quantitative energy-dispersive X-ray spectrometry (EDS) was conducted
(Figure S3-4 and Table S1-2). As shown in Figure S4 and Figure 2b, the proportion of
Zn0 in ZnO/ZnCr>04 tended to rise with the Zn/Cr atomic ratio increased. In addition,
the UV-vis diffuse reflectance spectroscopy of the ZnxCri-5 samples (Figure S5)
manifested that all ZnxCr;-5 samples exhibited obvious absorption ranging from 200

to 800 nm.!>*2°) Moreover, high-resolution transmission electron microscopy (HRTEM)



was also utilized to characterize the structural morphologies and heterostructured
interfaces of ZnxCri-5 samples (Figure 2c-f). The existence of ZnCr2O4 and ZnO can
be clearly observed in all ZnxCr;-5 samples, where the (111) and (220) planes can be
identified to cubic-like ZnCr,04. Lattice fringes with a spacing of 0.24, 0.26 and 0.28
nm are indexed to the (101), (002) and (100) crystal planes of ZnO. Obviously, the
ZnxCri-5 sample possessed abundant interface structures, which would enhance the

photogenerated carriers' separation efficiency to promote nitrogen photofixation.
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Figure 2. a) XRD patterns for ZnxCri-5 photocatalysts (X = 1.5, 2, 3, and 4). b) The



schematic diagram of composition percentages for ZnxCri-5 photocatalysts (X = 1.5, 2
and >3). c-f) HRTEM images for ZnxCri-5 photocatalysts.

With the aim of screening the optimal composition ratio of X in ZnxCri-5 samples,
we subsequently evaluated their photocatalytic performance for N>-to-NH3 conversion
in pure No-saturated water at ambient temperature and pressure. The product ammonia
was accurately quantified via ion chromatography (Figure S6). As shown in Figure 3a,
the NH3 generated rate of ZnoCri-5 can reach 31.5 pmol g!' h!, which is significantly
higher than other ZnxCr;-5 samples (16.7 umol g™ h™! for Zn; sCr;-5, 11.6 umol g™ h!
for Zn3Cr;-5 and 7.5 umol g! h'! for ZnsCri-5, respectively). The better photocatalytic
activity may result from the optimized heterojuncted interfaces in Zn>Cr;-5, leading to
more efficient separation and migration of photogenerated carriers, as further
demonstrated by electrochemical impedance spectroscopy (Figure S7). Additionally, to
optimize ZnO/ZnCr204 heterojuncted interfaces derived from Zn>Cri-LDH, we
regulated the calcination temperature ranging from 300 to 600 °C. As shown in Figure
S8, no typical XRD diffraction peaks of LDH can be observed when the Zn,Cr;-LDH
calcined at 300 °C, illustrating the collapse of host layers in Zn>Cr;-LDH.!*”] With the
calcined temperature increased, the diffraction peaks corresponding to ZnO and
ZnCr204 in ZnoCri-Y (Y = 4, 5, and 6) occurred, accompanied by an elevation in
crystallinity. Transmission electron microscopies were carried out to directly study the
morphology transformation at different temperatures (Figure S9). It can be noted that
the Zn>Cri-LDH exhibited a plate-like structure with a modest collapse at 300 °C, and
nanoparticles (ZnO and ZnCr>O4) formed and grew when increasing the calcination
temperatures to 600 °C, which is consistent with the XRD results. Based on the analyses
of EDS (Figure S10 and Table S3-4), no noteworthy distinction can be identified
between Zn,Cri-Y samples (Y = 4, 5, and 6), indicating that the different calculation
temperatures (> 400 °C) nearly have little impact on the proportion of ZnO and ZnCr,04
in Zn2Cri-Y. Moreover, the corresponding performances of ZnoCri-Y (Y =3, 4, 5 and
6) for nitrogen photofixation were studied and displayed in Figure S11, following the
order: ZnyCr-5 (31.5 pmol g! h'') > ZnoCri-6 (14.5 pmol g! h'') > Zn,Cri-4 (14.3

pmol g! h'') > ZnyCri-3 (13.7 pmol g h'). The photocatalytic performance for



amorphous Zn,Cri-3 may be attributed to the abundant bulk defects.[*®] With calcination
temperature raised, the increased crystallinity is accompanied by a reduction in bulk
defects, resulting in a better photocatalytic performance of Zn,Cri-5 than that of
ZnyCr1-4. Additionally, particle agglomeration at 600 °C may be unfavorable to the
exposure of active sites in Zn>Cri-6, thereby inhibiting the improvement of
photocatalytic performance. These two factors jointly influenced the separation
efficiency of photogenerated carriers and exposure of the active sites, resulting in an
analogous volcanic relation between calcination temperatures and ammonia production.

To further elucidate the underlying possible mechanism for the enhanced
performance of heterostructured interfaces, the pristine ZnO and ZnCr,O4 samples were
prepared and systematically characterized (Figure S12-13). The photocatalytic
performance of as-prepared samples were evaluated under the same reaction condition
as mentioned above. As observed in Figure 3b, Zn>Cri-5 exhibited a superior
photocatalytic activity for photocatalytic nitrogen fixation, and the NH3 evolution rate
is nearly 12 and 78 times higher than that of ZnO and ZnCr,O4 (2.5 and 0.4 pmol g h°
! respectively). In order to eliminate the effect of specific surface areas on
photocatalytic performance, the Brunauer-Emmett-Teller specific surface area of each
sample was further conducted (Figure S14). The normalized NH3 production rates
based on surface area (umol m? h!) and catalyst weight (umol g' h™!) were also
determined (Figure 15). A similar trend can be found that the Zn>Cr;-5 sample presented
an outstanding ammonia evolution rate (0.82 pmol m? h') relative to the normalized
results for pure ZnO and ZnCr04 (0.29 and 0.005 pmol m™ h''), which mainly
attributes to the abundant heterostructured interfaces to dramatically improve the
separation efficiency of photogenerated carriers. To further emphasize the superiority
of topological transformation structure derived from LDH precursor, other ordinary
Zn0O/ZnCr;04 heterojunction (denoted as ZnO/ZnCr204, which ZnCr2O4 grew on the
seed grain of ZnO) and the physical mixture of ZnO and ZnCr>O4 (denoted as PM) were
prepared for comparison (Figure S16-17). The measured results demonstrated that
ZnyCr1-5 photocatalyst exhibited nearly 1.9 and 3.5 times higher than that of
7Zn0O/ZnCr,04 and PM samples (16.6 and 9.0 umol g! h'!, respectively) (Figure 3b),



further indicating the superiority of heterojunction derived from the topological
transformation of ZnCr-LDH precursor. To explore the essential difference between
ZnCri-5 and ZnO/ZnCr204, the fine structures of the local coordination of metal
cations were analyzed using X-ray absorption fine structure (XAFS) spectroscopy. In
Figure S18a-c, we can observe the XAFS data of Cr for Zn>Cri-5 and ZnO/ZnCr>04
with few distinctions, suggesting the alike local coordination of Cr cations in the two
samples. Meanwhile, Zn K-edge X-ray absorption near-edge structure and
corresponding extended X-ray absorption fine structure spectra for ZnO/ZnCrO4
(Figure S18d-e) were similar to that measured in Zn>Cri-5. In Figure S18f, the
characteristic peaks at ~1.5 A and ~2.8 A in the R-space spectra could correspond to
the Zn-O shell and Zn-metal shell, respectively. Notably, a longer average distance and
stronger intensity of the Zn-metal shell in Zn>Cri-5 in comparison to ZnO/ZnCr,04 may
be attributed to the contribution of the Zn-Zn bond originated from more adequate
interfacial interactions in Zn>Cri-5. Accordingly, the abundance of heterostructured
interfaces would benefit the separation efficiency of photogenerated electron-hole pairs,
leading to its enhanced performance for nitrogen photofixation.

In order to confirm that the NH3 evolved from the photocatalytic N> reduction,
various control experiments and '°N isotope labeling experiments were carried out. As
shown in Figure 3c, almost no ammonia was produced under all control experimental
conditions. Meanwhile, the isotope labeling experiments manifested that the product of
SNH4" can be detected by the indophenol blue method coupled with high-resolution
mass spectroscopy when using the "N, as the feed gas (Figure 3d).*°! The
corresponding mass spectrometry signals at m/z = 199 and m/z = 198 are indexed to
indophenol products containing '°N and N. The mass spectrometry signal at m/z =
199 was significantly enhanced when replacing the '“N» to !N, atmosphere, further
confirming that the nitrogen in NH3 indeed originated from molecular N, rather than
other N-containing sources. In addition, the considerable stability of Zn2Cri-5 was
investigated over four testing cycles, with no significant variation in photocatalytic
activity and catalyst (e.g., morphology, phase structure, chemical composition and

valence state) observed in nitrogen photofixation (Figure S19-23). Meanwhile, the as-



prepared Zn>Cri-5 sample also exhibited high photocatalytic selectivity without any

NOs™ and N>H4 generated during the photocatalytic test (Figure S24-25).
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Figure 3. a-b) Photocatalytic ammonia production rates for ZnxCri-5 and various
contrast photocatalysts in N»-saturated water under UV-vis irradiation. ¢) Time course
study of photocatalytic N2 reduction and various control experiments over Zn,Cr-5. d)
Mass spectra of the indophenol products obtained by reaction of phenol with ammonia
generated from photocatalytic '*N» or N> reduction, as the chemical structure of the
indophenol product responsible for the signals at m/z = 198 (containing '*N) and 199
(containing '"N) shown in the inset.

Since the nitrogen photoreduction process requires the transfer of multi-electron (N2
+ 6H" + 6" — 2NH3), the efficient separation efficiency of photogenerated carriers is
crucial for achieving superior nitrogen photofixation performance over heterojunction
photocatalysts. Therefore, the separation efficiency in Zn,Cri-5 and other samples were
investigated by the photoelectrochemical measurements and TS-SPV. The Nyquist plot
of ZnyCri-5 in Figure 4a revealed a smaller diameter compared to other samples,
indicating the lower charge-transfer resistance and more efficient electron separation in
Zn,Cri-5.B% The concluded results were further confirmed by the higher intensity of

photocurrent for the Zn,Cri-5 sample (Figure 4b). Moreover, TS-SPV was utilized to



further understand the separation and transport of photogenerated carriers in Zn>Cri-5
(Figure 4c). The photovoltage intensity generated by the sample under light is output
through the conversion of the photoelectric signal. As shown in Figure 4d, the Zn,Cri-
5 sample possessed an enhanced photovoltage intensity compared to other samples,
suggesting more efficient photogenerated carriers separation.’!! Based on these
experimental results above, the optimized heterostructure interfaces in Zn>Cri-5 are
conducive to the separation of photogenerated carriers compared with ZnO/ZnCr,04,

which would be responsible for the enhanced performance for nitrogen photoreduction.
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Conclusion

In summary, a series of ZnO/ZnCr204 heterojunction photocatalysts derived from
ZnCr-LDH precursors were successfully synthesized by simple co-precipitation and
calcination routes. By precisely tuning the heterostructured interfaces, the optimal

nitrogen photofixation performance can be achieved with an NH3 production rate of



31.5 umol g! h'! under UV-vis illumination. The excellent nitrogen photofixation
performance would be ascribed to the effective separation efficiency of the
photogenerated electron-hole pairs, which is facilitated by the presence of the
heterostructured interfaces in ZnO/ZnCr,0O4. This work provides a novel and promising
approach for achieving N> photofixation to NH3 over heterojunction photocatalysts
derived from LDH precursors.
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Advanced Zn0/ZnCr;0.photocatalysts derived from ZnCr-layered double
hydroxide (ZnCr-LDH) precursors are successfully synthetized by a simple thermal
process. The optimized ZnO/ZnCr.04exhibit a considerable ammonia
photosynthesis rate of 31.7 ymol g h-'in pure water, with the origin of the high
activity being derived from the high-efficiency carrier separation due to the
abundant interfaces.
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