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Porous boron nitride (BN) displays promising properties for interfacial and bulk processes, e.g. molecular
separation and storage, or (photo)catalysis. To maximise porous BN's potential in such applications,
tuning and controlling its chemical and structural features is key. Functionalisation of porous BN with
metal nanoparticle represents one possible route, albeit a hardly explored one. Metal-organic
frameworks (MOFs) have been widely used as precursors to synthesise metal functionalised porous
carbon-based materials, yet MOF-derived metal functionalised inorganic porous materials remain
unexplored. Here, we hypothesise that MOFs could also serve as a platform to produce metal-
functionalised porous BN. We have used a Cu-containing MOF, ie. Cu/ZIF-8, as a precursor and
successfully obtained porous BN functionalised with Cu nanoparticles (i.e. Cu/BN). While we have shown
control of the Cu content, we have not yet demonstrated it for the nanoparticle size. The
functionalisation has led to improved light harvesting and enhanced electron—hole separation, which
have had a direct positive impact on the CO, photoreduction activity (production formation rate 1.5
times higher than pristine BN and 12.5 times higher than g-C3Ny). In addition, we have found that the
metal in the MOF precursor impacts porous BN's purity. Unlike Cu/ZIF-8, a Co-containing ZIF-8
precursor led to porous C-BN (ie. BN with a large amount of C in the structure). Overall, given the
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DOI: 10.1035/d2ta05515e diversity of metals in MOFs, one could envision our approach as a method to produce a library of

rsc.li/materials-a different metal functionalised porous BN samples.

Chemical functionalisation can help tune the adsorptive,
catalytic and optoelectronic properties of porous BN, all of

1. Introduction

Porous boron nitride (BN) is a recent addition to the porous
materials family.** With alternating boron and nitrogen atoms
linked via strong B-N covalent bonds arranged in an hexagonal
pattern, the porous BN structure resembles that of activated
carbon but its chemical properties differ. Benefiting from
features such as a high surface area, a priori tunable chemistry
and porosity, and high thermal stability, porous BN has recently
attracted interests for various applications such as molecular
storage and separation,*® catalysis (incl. photocatalysis),
and drug delivery.**
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which are relevant to the applications mentioned above. The
functionalisation of BN-based materials using non-metal
heteroatoms (e.g. C, O, P, S and Si) has been reported. Along-
side this functionalisation route, the addition of metal atoms to
porous BN provides an extra dimension to modulate the prop-
erties of the material. Metal functionalisation has been inves-
tigated in the case of non-porous hBN (Sger < 150 m?* g~ ') for
Ni,'>¢ pt,”1® Cu,* Pd,*>** Au.?? Fewer studies exist in the case of
porous BN and low surface area is often observed.**” Today, the
challenge with metal functionalisation of porous BN remains to
ensure distributed functionalisation while maintaining
porosity.

We hypothesise that metal-organic frameworks (MOFs), i.e.
porous crystalline materials obtained via self-assembly of metal
clusters and organic linkers, could address the above chal-
lenge.?® Their typically high surface area, ordered arrangement
of metal nodes, and carbon-rich nature, have made them
attractive precursors to design porous materials, especially
carbon-based porous materials.”**" The use of MOFs as
templates means that one could possibly embed well-dispersed
metals in the final material.** Yet, examples of MOF-derived
inorganic porous materials, particularly BN, remain limited.

This journal is © The Royal Society of Chemistry 2022
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We attribute this to the difficulty in removing carbon atoms
while maintaining a high porosity. Recently though, Cao et al.**
used a low porosity boron-containing MOF as a precursor to
synthesise porous BN. However, metal atoms in the MOF
structure (i.e. Zn) were not present in the derived porous BN due
to the high synthesis temperature.

Inspired by the work of Cao et al.** and with the goal to
decorate porous BN with metallic nanoparticles, we have
developed a route to produce MOF-derived porous BN samples
functionalised with Cu nanoparticles. More specifically, we
have used a boric acid impregnated bimetallic MOF, Cu/ZIF-8,
as a precursor to directly synthesise Cu functionalised porous
BN with varying Cu contents. We selected ZIF-8 as a template for
three reasons: (i) ZIF-8 is simple to synthesise and commercially
available, facilitating any upscaling process; (ii) ZIF-8 can be
easily functionalised with other metal clusters, e.g. Cu* and
Co;* (iii) ZIF-8 acts as an additional N source for BN synthesis.
We selected Cu nanoparticles to functionalise porous BN for
three reasons as well: (i) Cu has been proved to act as a CO,
photoreduction co-catalyst;**° (ii) Cu presents excellent plas-
monic properties and can be an alternative to noble plasmonic
metals (e.g. Au, Ag);**** (iii) Cu-based MOFs are easy to synthesis
and upscale.*”** Employing analytical, spectroscopic, and
imaging tools, we have evaluated the chemical, textural,
morphological and optoelectronic properties of the resulting
samples. Considering the chemical and physical features of the
materials obtained along with the potential of porous BN for
CO, photoreduction,” we have assessed the photocatalytic
activity of the samples for CO, reduction. The 5% Cu/BN sample
presents 1.5 and 12.5 times higher product formation rate
compared to pristine BN and a common photocatalyst, g-C3Ny,
respectively. Overall, the Cu/BN samples show enhanced CO,
photoreduction performance compared to pristine BN and we
attribute this finding to two factors: (i) improved light harvest-
ing due to the plasmonic properties of Cu nanoparticles; (ii)
enhanced electron-hole separation capacity owing to the Cu-
BN heterojunction. Due to the high surface area of porous BN
and the additional surface functionalities from Cu nano-
particles, Cu/BN could be envisaged for other applications such
as heterogeneous catalysis, molecular separation and gas
storage. Finally, we have evaluated the impact of metal selection
on the resulting material, using Co/ZIF-8 as a precursor.

2. Experimental section
2.1 Materials

Zinc nitrate hexahydrate (99%, CAS# 10196-18-6), copper nitrate
trihydrate (99%, CAS# 10031-43-3), cobalt nitrate hexahydrate
(99% CAStt 10026-22-9), 2-methylimidazole (99%, CAS# 693-98-
1), boric acid (=99.5%, CAS# 10043-35-3), ethanol (=99.8%,
CAS# 64-17-5), and melamine (99%, CAS# 108-78-1) were
purchased from Fisher Scientific. All chemicals were used as
received. The gases used in this study, NH; (99.98%), N,
(99.9995%), and CO, (99.999%) were purchased from BOC. H,
(99.9995%) was generated locally from deionized water using
a Peak Scientific PH200 hydrogen generator.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry A

2.2 Synthesis of Cu/ZIF-8

Cu/ZIF-8 was synthesised following a method adapted from
Schejn et al. work.*®* A methanol solution of Zn(NO3),-6H,0 and
Cu(NO3),-3H,0 (4 mmol in total with different molar ratios, 45
mL) was mixed with a methanol solution of 2-methylimidazole
(2.62 g, 45 mL), and stirred at room temperature under N, flow
for 1 h. After centrifugation, the collected solid was washed in
ethanol (150 mL, 3 times) and dried at 80 °C overnight. The
solid was then transferred to a glass vial and was further dried at
120 °C under vacuum overnight. The derived samples are
labelled as X% Cu/ZIF-8, where X indicates the nominal molar
percentage of Cu(NOs),-3H,O to total metal precursors (i.e.
Cu(NO3),-3H,0 + Zn(NO3),-6H,0). In this work, 0% (i.e. pure
ZIF-8), 1%, 5%, and 10% Cu/ZIF-8 were synthesised.

2.3 Synthesis of Cu functionalised porous BN

Boric acid (BA) was loaded into Cu/ZIF-8 following a wet
impregnation method: 0.5 g of Cu/ZIF-8 powder was added to
20 mL of ethanol solution of BA (1 g) and stirred at room
temperature for 24 h. The solution was then heated to 70 °C and
the temperature was maintained until ethanol was completed
evaporated. The solid was ground in a mortar and further dried
at 120 °C under vacuum. The finely ground powder was then
placed in an alumina boat crucible and transferred to a tubular
furnace. The sample was initially degassed at room temperature
under Ar flow (250 mL min ') for 30 min, then heated to
1000 °C (5 °C min ') under pure NH; gas flow (100 mL min ")
and held isothermally for 3 h. The furnace was cooled naturally
under NH; down to 600 °C and then to room temperature under
Ar. The derived samples are labelled as X% Cu/BN, where X is
the same as that of the initial Cu/ZIF-8 sample. The sample
obtained from pure ZIF-8 is referred to as BN. Overall the
control of the Cu content in the Cu/BN samples results from the
Cu content in the initial ZIF-8 structure and thus the ratio
between Cu and B-containing species when forming BN. This is
because both Cu and B remain during the thermal process.

2.4 Synthesis of g-C3N,

Graphitic carbon nitride, g-C;N,, was synthesised by following
the method reported by Dias et al.*® Melamine (4 g) was added to
an alumina crucible. The crucible was covered with a lid and
transferred to a muffle furnace. The sample was heated to
560 °C (5 °C min~ ') and held isothermally for 4 h. The sample
was then cooled naturally to room temperature and a yellow
solid was collected.

2.5 Synthesis of Co/ZIF-8

10% Co/ZIF-8 was synthesised as another MOF precursor.
Zn(NO3),-6H,0 (1.07 g) and Co(NOj3),-6H,0 (0.12 g) was dis-
solved in 45 mL of methanol. The solution was mixed with
a methanol solution of 2-methylimidazole (2.62 g, 45 mL), and
stirred at room temperature for 1 h. After centrifugation, the
collected solid was washed in ethanol (150 mL, 3 times) and
dried at 80 °C overnight. The solid was then transferred to
a glass vial and further dried at 120 °C under vacuum overnight.

J. Mater. Chem. A, 2022, 10, 20580-20592 | 20581
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The content of Co in ZIF-8 was selected solely to reflect one of
the contents selected for Cu/ZIF-8 and allow direct comparison.

2.6 Synthesis of Co functionalised C-BN

Co/C-BN was synthesised following the same method as that
used to synthesise Cu/BN, except for using 0.5 g of Co/ZIF-8
rather than 0.5 g of Cu/ZIF-8.

2.7 Material characterisation

2.7.1 Chemical properties. The samples were analysed
using Fourier transform infrared (FTIR) spectroscopy. Each
sample was ground in an agate mortar and spectra were
collected using PerkinElmer Spectrum 100 spectrometer
equipped with an attenuated total reflectance (ATR) accessory.
Sixteen spectra were collected per sample to obtain an averaged
spectrum over the frequency range of 650-4000 cm™ ' with
a resolution of 2 cm™".

Inductively coupled plasma mass spectrometry (ICP-MS) was
performed on an Agilent 7900 ICP-MS. Prior to analysis, 0.01 g
of sample was dispersed in 20 mL of 2% HNO; and then diluted
200 times using 2% HNO;.

Cu K edge (8979 eV) X-ray absorption spectroscopy (XAS)
measurements were performed at room temperature at the core
X-ray absorption beamline B18 at Diamond Light Source.*” The
samples were pressed into pellets for the measurement. A Si
(111) double crystal monochromator was used for energy
selection. A set of Pt coated mirrors were used to reject higher
harmonics from the X-ray beam. The data were collected in
transmission mode for all samples using a set of three ioniza-
tion chambers placed in series and filled with appropriate
mixtures of He and Ar. This allowed to simultaneously measure
data on the sample and a reference Cu foil, with an energy
resolution of 0.3 eV. Before the test, Cu/BN samples were kept at
ambient environment for 20 days.

The relative chemical composition and the valence state of
the elements were measured using X-ray photoelectron spec-
troscopy (XPS) on a Thermo Scientific K-Alpha® X-ray photo-
electron spectrometer equipped with a MXR3 Al Ka
monochromated X-ray source (hv = 1486.6 eV). The samples
were initially ground using an agate mortar and mounted on to
a XPS sample holder using a small piece of conductive carbon
tape. The X-ray gun power was set to 72 W (6 mA and 12 kV). The
high-resolution spectra were obtained using 20 eV pass energy
and 0.1 eV step size. We also conducted depth profiling by
applying ion gun with energy of 1500 eV. The etch rate was
0.71 nm s~ * and the etch time was maintained at 70 s per etch
cycle. XPS scans were taken at the etching depths of 0, 50, 100,
150 and 200 nm. The adventitious carbon (C-C) peak set at
284.8 eV was used for binding energy calibration. Thermo
Avantage software was used to analyse the data.

2.7.2 Textural properties and morphology. Powder X-ray
diffraction (PXRD) patterns were recorded on a PANalytical
X'Pert PRO diffractometer using Cu Ke irradiation (A = 1.54178
A) with a step of 0.01° at a scanning speed of 10 s per step. An
anode voltage of 40 kV and emission current of 20 mA were
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chosen as the operating condition. All samples were ground
prior to measurement using an agate mortar.

N, and CO, adsorption isotherms were collected at 77 K and
298 K, respectively, using a Micromeritics 3Flex volumetric
sorption analyser. The samples were initially degassed over-
night at 120 °C at 0.2 mbar, followed by degas in situ at 120 °C
for 4 h at around 0.003 mbar. The equivalent specific surface
areas of the samples were determined using Brunauer—
Emmett-Teller (BET) method.”® The micropore volume was
determined using the Dubinin-Radushkevich model.** The
pore size distribution was derived from the build-in software
from Micromeritics, using DFT model for carbon slit shape
pores.

Scanning electron microscope (SEM) images were taken
using a Zeiss Auriga microscope with an accelerating voltage of
5 kV. The samples were ground using an agate mortar, depos-
ited on carbon tape and sputter-coated with 10 nm of chro-
mium. To calculate the particle size distribution, 100 particles
were randomly selected and measured by using Image].
Transmission electron microscope (TEM) images were taken
using a FEI Titan 80-300 Cs image-corrected microscope. The
samples were dispersed in ethanol and then drop-deposited on
to a holey carbon film on 300 mesh copper grids.

2.7.3 Optoelectronic properties. UV-vis diffuse reflectance
spectra (DRS) were collected using a Shimadzu UV-2600 UV-vis
spectrophotometer equipped with an integrating sphere. The
spectral bandwidth was set to 2 nm, with BaSO, as a reference.
Photoluminescence (PL) spectra were collected for an excitation
wavelength of 280 nm using a Fluorolog-3 photoluminescence
spectrometer from Horiba.

Valence band X-ray photoelectron spectroscopy (XPS) and
work function measurements were carried out on a Thermo
Scientific K-Alpha+ X-ray photoelectron spectrometer equipped
with a MXR3 Al Ko monochromated X-ray source (hv = 1486.6
eV). Samples were ground and mounted on the XPS holder
using a conductive carbon tape. The spectra were obtained by
using 15 eV pass energy and 0.05 eV step size. The work function
was determined by measuring the secondary electron cut-off in
the low kinetic energy region. A clean gold standard sample was
used as a reference material for calibration. A sample bias of
—29.47 eV was applied to the sample using an ion gun and 10 eV
pass energy was used to obtain the cut-off spectra. To account
for potential variations across the surface of the material, the
work function was measured at four different locations and the
average was taken.

2.7.4 Photocatalytic reduction of CO,. CO, photoreduction
experiments were conducted in a home-made photoreactor
setup (17.7 cm®). The photoreactor was made off stainless steel
and equipped with a fused quartz window for irradiation. In
a typical experiment, 0.01 g of finely ground sample previously
activated at 120 °C under vacuum overnight was deposited on
a stainless-steel Petri-dish and transferred to the photoreactor.
The sample was first vacuumed for 20 min, and then exposed to
a flow of research grade CO, (80 mL min ') and H, (40
mL min~") simultaneously for 20 min. The photoreactor was
then sealed and filled with 2 bar of a CO, : H, mixture (2 : 1 v/v
ratio) and irradiated for 5 h. A Xenon arc lamp (100 W, LCS-100

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Schematic representation of Cu/BN synthesis.

solar simulator, Newport) was used as the irradiation source (Shimadzu Rt-Q-Bond Plot Column 30 m, 0.32 mm ID, 10 pm)
with the distance from the lamp to the sample being 15 cm, and molecular sieve columns (Shimadzu SH-Msieve 5A plot, 30
providing the intensity at the catalyst surface to be 1000 Wm™>.  m, 0.32 mm ID, 30 um) in series. The tests were repeated twice
Along pass UV filter (1 < 400 nm) and a long pass visible filter (A on new samples obtained from different synthesis batches. We
< 550 nm) were used to conduct the test under visible light also conducted control experiments to confirm the origin of the
irradiation. The evolved gases were detected and analysed using products, namely: (i) without irradiation, (ii) under N,/H,
a Shimadzu GCMS-QP2020 NX equipped with Q-Bond atmosphere and (iii) under **CO,/H, atmosphere (**CO, from
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Fig. 1 Appearance and structural features of ZIF-8 and Cu/ZIF-8 samples: (a) optical images; (b) XRD patterns; (c) XRD patterns of BA-
impregnated Cu/ZIF-8 samples.
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BOC, 99 at% '3C). During the recyclability tests, the aforemen-
tioned process was repeated after each 5 h UV-vis irradiation
cycle without opening the photoreactor. Between each cycle, the
sample was activated under vacuum for 30 min at room
temperature.

3. Results and discussion
3.1 Characterisation of Cu/ZIF-8

In this study, we synthesised porous Cu/BN samples using Cu/
ZIF-8 samples as precursors (Scheme 1). We first analysed the
composition, structure, and morphology of the precursors, i.e.
ZIF-8, 1% Cu/ZIF-8, 5% Cu/ZIF-8, and 10% Cu/ZIF-8. The
percentage refers to the molar percentage of Cu(NO3),-3H,0 to

View Article Online
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total metal precursors (i.e. Cu(NO3),-3H,0 + Zn(NO3), - 6H,0) of
used to synthesise Cu/ZIF-8.

Fig. 1a presents the optical images of the Cu/ZIF-8 samples
which progressively changed colour from white to darker yellow
with increasing Cu content. The PXRD patterns (Fig. 1b) indi-
cate that both pure ZIF-8 and Cu/ZIF-8 samples exhibit the ex-
pected crystalline structure of ZIF-8. Upon adsorbing boric acid
(BA), the PXRD patterns of BA-impregnated Cu/ZIF-8 did not
change (Fig. 1c), confirming the MOF crystalline structure was
maintained. This result differs from that reported by Cao et al.*>
who instead observed the formation of a new phase.’> We
attribute this difference to the milder soaking conditions used
in this project (i.e. room temperature and ambient pressure).
Despite their similar crystalline structures, ZIF-8 showed
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b c
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Fig. 2 Appearance, structural features and chemical features of BN and Cu/BN samples with varying Cu contents: (a) optical images; (b) FTIR
spectra; (c) XRD patterns; (d) high resolution XPS and peak fittings of the B 1s core level; (e) high resolution XPS and peak fittings of the N 1s core

level.
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smaller particle size compared to Cu/ZIF-8 (Fig. S1t). We spec-
ulate that this difference relates to a change in nucleation rate
in the presence of Cu®*.* The porosity of the prepared samples
was assessed using N, sorption at 77 K (Fig. S21). All samples
showed a type I isotherm, indicating a predominantly micro-
porous character. As shown in Table S1,T we did not observe
differences in surface area and pore volume between each
sample, suggesting the characteristic porosity of ZIF-8 was
retained after the incorporation of Cu®",

3.2 Characterisation of Cu/BN

We used BA-impregnated Cu/ZIF-8 samples as self-sacrificial
templates to form Cu/BN samples upon pyrolysis at 1000 °C
under an NH; atmosphere (Scheme 1). The ZIF-8 linker, along
with NHj3, provided the N source while BA provided the B source
to form BN. We hypothesized that NH; would also reduce Cu>*
inducing in situ Cu nanoparticles growth, while Zn (Tyoiling =
907 °C) from ZIF-8 would be removed at high temperature.
Fig. 2a shows the optical images of the Cu/BN samples and
highlights the change of colour with different Cu contents: we
observed a more pronounced pink/red colour with increasing
Cu content (Cu content measured by ICP-MS analyses, Table 1).
To gain further insight into the composition and structure of
Cu/BN, we collected FTIR spectra. As shown in Fig. 2b, all

Tablel Cucontentand textural properties of the Cu/BN samples. The
Cu content was obtained from ICP-MS analyses. BET area (Sget),
micropore volume (Vi) and total pore volume (Vi) were derived
from N, sorption isotherms at 77 K and calculated as described in the
experimental section

View Article Online
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samples displayed two main IR bands at ~1375 cm™* (B-N
stretching) and ~800 cm™" (B-N-B bending),* confirming the
formation of BN. We noted an additional peak at ~1100 cm ™,
which we attribute to B-O bending, an impurity commonly
found in porous BN.*“** Fig. 2c shows the PXRD patterns. All
samples displayed two broad peaks corresponding to BN (002)
and (100) planes, indicating the presence of turbostratic/
amorphous BN.° Cu/BN samples exhibited two additional
sharp peaks at 43.5° and 50.5°, corresponding to Cu (111) and
(200) planes, respectively.”® We did not observe any peak from
copper oxide suggesting that Cu®* from the template was
reduced to metallic Cu, as hypothesised. To provide further
support and evidence on the chemical nature and structure of
the samples, we conducted high resolution XPS (Fig. 2d and e).
The analysis of the core level spectra of B 1s and N 1s confirmed
the formation of BN, evidenced by the peaks at ~190.8 and
~398.4 eV, respectively.® The additional peaks at 192.2 eV on the
B 1s spectrum and 399.5 eV on N 1s spectrum belong to the
B-O-N bonds.*** Oxygen is a known and unavoidable impurity
of porous BN due to surface oxidation. We noticed a low carbon
content in all samples (Table S21), most or part of which we
attribute to adventitious impurities. The absence of Zn (Fig. S3
and S4t) together with the ICP-MS results suggest that all Zn
atoms were removed during the high-temperature synthesis,
due to the lower boiling point of Zn (907 °C) compared to the
synthesis temperature (1000 °C). In addition, we did not observe
any Cu peak on the XPS spectra of the Cu/BN samples (Fig. S3
and S41). We speculate that this is because Cu particles are
located within the bulk of the samples rather than their surface
and/or because of the low Cu content in the samples.

As we could not identify the chemical state of Cu using XPS,
we instead performed X-ray absorption spectroscopy (XAS)

Cu content :
measurements at Cu K edge on samples. Cu foil, CuO, Cu,0 and
Sample [Wt%] Sger [M® 27 Vinie [em® 271 Vi [em® g77] g, P ! 1R
CuPc (copper phthalocyanine) were used as reference samples.

BN 0 508 0.68 1.02 From the normalised Cu K-edge X-ray absorption near-edge
1% Cu/BN 0.5 478 0.68 1.07 (XANES) spectra in Fig. 3a, all the Cu/BN samples show the
5% Cu/BN 2.5 493 0.68 0.93 characteristic absorption edge and shape of metallic Cu
10% Cu/BN 4.4 471 0.67 0.74

a b

CuPc -CuO Cu,0 Cu foil — CuPc -CuO Cu,0O Cu foil
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Fig. 3 XAS characterisation of Cu/BN samples with varying Cu contents and reference samples. (a) Normalised Cu K-edge XANES spectra; inset:
derivative Cu K-edge spectra; (b) phase corrected k?-weighted Fourier transformed EXAFS spectra, using k-range 3-11 A%,
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(Cu®).55%¢ The Fourier-transformed extended X-ray absorption
fine structure (EXAFS) spectra (Fig. 3b) of all Cu/BN samples
featured a peak at 2.45 A, similar to that in Cu foil, and can be
attributed to Cu-Cu bonds in the first coordination sphere.>*
Both results indicated that the metallic Cu was the major
component in Cu/BN and no oxidized Cu was observed, thereby
supporting the XRD analyses. Here, our analyses indicated that
Cu nanoparticles were sufficiently stabilized (i.e. surface
oxidation remained below the detection limit of XAS) over
a period of weeks under the protection of porous BN, suggesting
the composite is likely to be useful for practical applications.
We characterised the morphology of BN and Cu/BN samples
using SEM and TEM. The SEM images in Fig. S61 show that all

View Article Online
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samples presented a similar morphology: a densely packed
flake structure, which is different from that of the template (i.e.
MOF nanoparticles, Fig. S1}). Interestingly, we observed many
pores ranging from 50-100 nm on the surface of the Cu/BN
samples, possibly obtained upon removal of the MOF
template. These macropores could facilitate mass transfer. TEM
images with the fast Fourier transform (FFT) are shown in
Fig. 4. All samples exhibited the disordered structure of BN,
confirming the XRD analyses (Fig. 2c). The concentration of Cu
particles on BN increased with increasing Cu content, while the
particle size did not change noticeably. The particle sizes
ranged from 30 to 300 nm, with an average diameter of
~130 nm, as shown in Fig. S7.f The wide particle size

Fig.4 TEMimages of Cu/BN with varied Cu contents (a—d); zoom-in HRTEM images with FFT patterns on corresponding BN of Cu/BN samples
(@'—d). (a) and (@') BN; (b) and (b') 1% Cu/BN; (c) and (/) 5% Cu/BN; (d) and (d')10% Cu/BN.
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Fig. 5 N, sorption isotherms at 77 K for BN samples in (a) linear scale; (b) semi-log scale. Filled symbols: adsorption. Empty symbols: desorption.

distribution might result from the diffusion of Cu atoms across
the BN surface, leading to heterogeneous Cu particle growth (or
agglomeration).

We evaluated the porosity of the samples using N, sorption
isotherms at 77 K. All samples displayed a type IV isotherm with
H3 hysteresis loop (Fig. 5), indicating the presence of slit-
shaped micro- and mesopores. Doping with Cu particles did
not significantly change the BET surface area (~500 m* g~ ') and
the micropore volume (~0.7 cm® g™ ') of the derived BN.
However, the total pore volume reduced upon doping, possibly
due to Cu particles occupying the larger pores of BN (Table 1).
The porosity in BN is linked to the formation and release of N-
and C-containing porogens derived from the precursors.®**%

Finally, we investigated the optoelectronic properties of the
Cu/BN samples using UV/vis diffuse reflectance spectroscopy
(UV/vis DRS). The samples displayed two main absorption
peaks at ~210 and ~250 nm, respectively, and these peaks
remained almost unchanged upon addition of Cu particles
(Fig. 6a). We link the first peak to residual hBN, the 2D non-
porous analogue to porous BN, as a small portion of BN
might be crystalline (Fig. 4a’-d’). This is supported by the
moderate surface area of porous BN in the current work. The
second peak with an absorption edge at 295 nm resembled that

previously observed in highly porous (and amorphous) BN.**
Overall, the BN samples exhibited an estimated optical gap of
4.2 eV based on the band edge from the optical spectra. In
addition, the spectra of the Cu/BN samples featured a broad
band between 450 and 600 nm (Fig. 6b), attributed to the local
surface plasmon resonance (LSPR) of Cu nanoparticles.***°

3.3 CO, photoreduction

We tested the BN and Cu/BN samples for CO, photoreduction
gas phase without adding any co-catalyst or photosensitizer. We
used graphitic carbon nitride (g-C3N,) as a reference sample due
to its well-known visible light photocatalytic properties as well
as its chemical and structural similarity to porous BN. Under
UV-vis irradiation for 5 h, all BN samples led to both CO and
CH, formation, with CO as the primary product (Fig. 7). The CO
production rate of Cu/BN samples increased by a factor of 6 or
more compared to the reference sample. Although 5% Cu/BN
had the highest CO production rate among all BN samples, its
performance was only 10% higher than that of pure BN, indi-
cating the limited impact of Cu particles on CO production. On
the other hand, all Cu/BN presented a much higher CH,
production rate compared to pristine BN, particularly 5% Cu/
BN (3 times higher performance, Fig. 7b). We link the higher

a 295 b c
| —
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—t 5% Cu/BN
. R —— 10% Cu/BN
3 ! 3 \ 3
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Fig.6 Optoelectronic properties Cu/BN with different Cu contents. (a) DRS UV-vis absorption spectra compared to that of hBN; (b) zoom of the
panel (a) spectra in the range of 400-700 nm wavelength; (c) PL spectra obtained using a 250 nm excitation wavelength.

This journal is © The Royal Society of Chemistry 2022

J. Mater. Chem. A, 2022, 10, 20580-20592 | 20587


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ta05515e

Open Access Article. Published on 06 September 2022. Downloaded on 2/16/2026 5:52:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

a
0.5

CO (UV-vis)

o o o
N w N
1 1 1

CO production (umol g™ h™")

o
pN
1

0.0 T

g-C3N, BN 1% Cu/BN 5% Cu/BN 10% Cu/BN

(7]

=y -
o o
1 1

Product formation rate (umol e g™ h™")
o
o

o
o
L

g-C3Ny BN 1% Cu/BN 5% Cu/BN 10% Cu/BN

View Article Online

Paper

0.10

CH, (UV-vis)

g

o

©
1

0.06

0.04

0.02 1

CH, production (umol g h'")

0.00

g-C3N, BN 1% Cu/BN 5% Cu/BN 10% Cu/BN

& ;
- e L\(&(\ ($
e e e €
Y

—_/
h* h* h* m
Porous H +
BN 2 M

Fig. 7 CO, photoreduction testing of Cu/BN compared to g-C3sN,4 under UV-vis irradiation for 5 h. (a) CO production rate; (b) CH,4 production
rate; (c) normalised production rate; (d) schematic representation of CO, photoreduction mechanism. The error bars correspond to the standard

deviation from 2 tests.

CH, production to the interactions between Cu(111) surface
and CO and/or reaction intermediates, which can facilitate the
formation of products like CH, and limit the direct desorption
of CO from the catalyst surface.*>*** The normalised total
product formation rate (ie. both CO and CH,) is shown in
Fig. 7c. 5% Cu/BN performed the best among all samples, with
a production rate 12.5 times and 1.5 times higher than those of
g-C3N, and pristine BN, respectively. We further tested the
recyclability of 5% Cu/BN sample over 5 cycles (Fig. S9t). We
observed a 12% decrease in product formation rate, which may
be due to the degradation of the porous BN.** We confirmed the
origin of CO via a series of control tests: (i) test under dark, (ii)
test under a N,/H, atmosphere and (iii) test under a **CO,/H,
atmosphere. We did not observe CO formation in the absence of
light or CO,, while we detected *CO when using '*CO,
(Fig. S10t). These results provide direct evidence that CO
resulted from the reduction of CO,.

We attribute the enhanced CO, photoreduction efficiency of
5% Cu/BN compared to pristine BN to two aspects, namely, the
plasmonic effect of the Cu nanoparticles and electron-hole
separation through Cu-BN heterojunction. We focus first on the

20588 | J Mater. Chem. A, 2022, 10, 20580-20592

plasmonic effect. Plasmonic effect induced by metal nano-
particles, incorporated into semiconductors nanostructures,
can modulate photocatalysis through three mechanistic path-
ways: light scattering, hot electron transfer, and plasmonic
resonance induced energy transfer (PRIET).**** We here
hypothesise that both light scattering and hot electron transfer
contributed to the Cu/BN system. Light scattering is dominant
in the LSPR band for large particles (typically larger than 50 nm
in diameter).®**” The Cu particles in 5% Cu/BN (123 + 49 nm)
are able to scatter the incident light, resulting in increased
photon flux and thus enhanced light absorption. Hot electron
transfer, a two-step energy transfer process is another mecha-
nistic pathway due to the surface plasmon from Cu nano-
particles (step 1: hot electrons produced by Cu nanoparticle;
step 2: hot electrons injected into other species).®® PRIET, which
includes transferring plasmonic energy non-radiatively from
plasmonic particles to semiconductor through dipole-dipole
interactions in the near-field, is negligible in the Cu/BN system
because we do not observe any characteristic plasmonic
response from Cu particles above the bandgap of porous BN.
We now look at the second aspect enhancing CO,

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ta05515e

Open Access Article. Published on 06 September 2022. Downloaded on 2/16/2026 5:52:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

photoreduction efficiency electron, i.e. electron-hole separa-
tion. Indeed, the formation of Cu-BN heterojunction improves
electron-hole separation compared to pristine BN as suggested
by the PL emission spectrum of BN samples (Fig. 6¢). Cu/BN
samples displayed lower PL intensities compared to BN, sug-
gesting a lower electron-hole recombination rate.®® This
phenomenon is mainly attributed to the electron transfer from
the conduction band of porous BN to Cu nanoparticles due to
the lower work function of porous BN compared to Cu nano-
particles (3 eV vs. 4.65 eV). The higher work function of 5% Cu/
BN compared to pristine BN (Fig. S117) further suggests the

10% Co/ZIF-8

BA impregnation

View Article Online
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electron transfer from BN to Cu, agreeing well with other Cu/
semiconductor composites.**”® The band structures of both
pristine BN and 5% Cu/BN are displayed in Fig. S13.1 Overall,
the above discussion demonstrates the proposed mechanism of
CO, photoreduction using Cu/BN, which is illustrated in
Fig. 7d. We provide further details on the photocatalytic activity
of the materials in the ESI (Fig. S14-5167).

3.4 Use of a different metal

To further study how our synthesis approach would extend to
other MOFs, we used 10% Co/ZIF-8 as a precursor while keeping

10% Co/C-BN
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Fig. 8 Synthesis and characterisation of 10% Co/C—-BN. (a) Synthesis process of 10% Co/C—-BN; (b) XPS survey spectra; (c) high resolution XPS in

the region of C 1s; (d) XRD patterns; (e) N, sorption isotherms at 77 K.
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the rest of the procedure unchanged. Fig. 8a shows a black
sample was obtained after the heat treatment. The high carbon
content (i.e. 29 at%) observed from XPS measurement (Table
S31 and Fig. 8b and c) indicates C-BN rather than BN formed
when using Co/ZIF-8 as precursor. 10% Co/C-BN displayed
a broad peak at ~26°, indicating the presence of amorphous C-
BN (Fig. 8d). The sharp peak at ~44.5° corresponds to Co
(111).”* N, adsorption isotherms indicates a type IV isotherm of
10% Co/C-BN (Fig. 8e) and BET surface area of 332 m* g '
(Table S4t). We attribute the formation of porous C-BN to the
catalytic effects of cobalt. As reported by Esconjauregui et al.,”
cobalt catalysed the reaction of carbon-based gases into carbo-
naceous deposit at hight temperature. Given the high content of
carbon in the MOF precursor, we hypothesise that a significant
portion of carbon was deposited on BN rather than vaporized
with the exposure of Co at elevated temperature. Esconjauregui
et al. also suggested that only metals with fully filled d-orbitals
(i.e. Zn and Cu) were inert enough to avoid catalysing such
reactions, which agrees with our results. We conclude that the
metal species in the MOF play an important role in the purity of
the resulting BN.

4. Conclusions

In this work, we provide the first synthesis route to metal-
functionalised porous BN using MOF templates. We have syn-
thesised Cu functionalised porous BN using a bimetallic MOF,
Cu/ZIF-8, as a precursor and sacrificial template. We have found
the metallic Cu particles remained stable (i.e. no significant
surface oxidation) on the surface of porous BN. The Cu content
in porous BN could be well controlled by varying the Cu
concentration in the precursor (i.e. Cu/ZIF-8). As porous BN is
a potential photocatalyst, we have also tested the CO, photo-
reduction performance of Cu functionalised BN. The best-
performing sample, 5% Cu/BN, presented improved CO, pho-
tocatalytic performance by a factor of 12.5 in terms of product
formation rate compared to the reference material g-C;N, and
by a factor of 1.5 compared to pristine BN. Finally, we have
found that the metal species in the MOF precursor impacts the
purity porous BN. Using a metal without fully filled d-orbitals
(i.e. Co), we formed C-BN rather than BN. Overall, our
synthetic approach resulted in the formation of a new metal-
doped porous BN and can inspire further research on MOF-
derived inorganic porous materials.
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