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Abstract: Efficient enhancement of catalytic stability and coke-resistance is a crucial aspect for
dry reforming of methane. Here, we report Ni nanoparticles embedded on vacancy defects of
hexagonal boron nitride nanosheets (Ni/h-BNNS) can optimize catalytic performance by taming
two-dimensional (2D) interfacial electronic effects. Experimental results and density functional
theory calculations indicate that surface engineering on defects of Ni/h-BNNS catalyst can

strongly influence metal-support interaction via electron donor/acceptor mechanisms and favor



the adsorption and catalytic activation of CH4 and CO,. The Ni/h-BNNS catalyst exhibits
superior catalytic performance during a 120 hours durability test. Furthermore, in situ techniques
further reveal possible recovery mechanism of the active Ni sites, identifying the enhanced
catalytic activities of the Ni/h-BNNS catalyst. This work highlights promotional mechanism of
defect-modified interface and should be equally applicable for design of thermochemically stable

catalysts.
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1. Introduction

Dry reforming of methane (DRM) can utilize CO, and CH4 to produce syngas, which can
provide a highly promising solution to the conversion of greenhouse gases into energy-rich
mixtures [1,2]. Unfortunately, the DRM reaction requires high temperatures (700-900 °C), most
of the catalysts suffered deactivation owing to coking and sintering of metal particles [3,4].
Strong metal-support interactions are well-known to severely affect the catalytic properties of
catalysts [5-7]. Therefore, controlling this aspect is highly desirable for both fundamental and
practical applications.

Extensive research demonstrated that the two-dimensional (2D) interface can strongly
modulate surface chemistry and catalysis, resulting in enhanced or weakened surface reactions
[8,9]. 2D hexagonal boron nitride (h-BN), the inorganic analogues of graphene, exhibits many
outstanding properties, such as high chemical stability and thermal property, which has been
explored for numerous practical applications [10]. It has been demonstrated that h-BN can serve

as a unique substrate in harsh processes of heterogeneous catalysis [11]. Grant et al. reported that



BN exhibited excellent potential in selectivity to olefins [12]. Particularly, h-BN can provide
well-defined 2D layers, which can further enable the occurrence of catalytic reactions in the 2D
nanoreactors [13]. While, the pristine h-BN surface is an inert support for metal particles [14],
the weak metal-support interaction leads to catalyst deactivation by sintered metal species
[15,16]. Well-confined structure can be an effective approach to tune metal-support interaction
and promote the metal-catalyzed reactions [13]. For example, core-shell configuration suggests a
spatial confinement effects of metal nanoparticles [17,18]. Our previous works demonstrated that
the mesoporous SiO; can confine and stabilize Ni species towards the DRM reaction. Well-
dispersed Ni nanoparticles can provide distinct active sites for the catalytic reaction and inhibit
the catalysts deactivation caused by coke formation and metal sintering under the tough
conditions [19-21]. Besides the design of well-confined nanostructured catalysts, defect plays a
substantial role in modifying the interfacial properties of catalysts by acting as reactive sites and
enhancing metal-support interaction [22-24]. Recently, efforts were made to modify the
electronic state of catalysts by heteroatom doping in well-defined structural oxides like
perovskites [25]. Wang et al. reported the incorporation of Ce into the perovskite can introduce
oxygen vacancy defects which provides an effective way to enhance and stabilize DRM activity
[26]. For the non-metal oxides, Lei et al. reported that defect-abundant h-BN nanosheets (h-
BNNS) can be prepared by exfoliation and functionalization methods based on a
mechanochemical process [27]. The underlying role of vacancy defects in modulating interface
electronic effect and catalytic performance is rarely considered in developing Ni-based catalysts
for DRM reaction.

In this work, we suppose to embed Ni nanoparticles in the vacancy-abundant h-BNNS and

investigate their structural, surface electronic properties and possible promotional effects in the



DRM reaction. According to previous reports [27], a simple mechano-chemical treatment can
effectively exfoliate h-BN into nanoscale thickness and water-dispersible h-BNNS (Fig. S1). The
h-BNNS supported Ni-based catalyst (denoted as Ni/h-BNNS; Ni loading: 5 wt%; milling time:
20 h) exhibits excellent catalytic activity, stability and coke-resistance. Particularly, there is
almost no loss of catalytic activity and carbon deposition even after 120 h durability test. The
density functional theory (DFT) calculations illustrate the interfacial electronic effects between
Ni and vacancy-abundant h-BNNS (h-BNNS with B vacancy and N vacancy). The defects over
the Ni/h-BNNS catalyst interface can strongly enhance the metal-support interaction, which can
influence the adsorption and activation of CO, and CH,4. Furthermore, in situ diffuse reflectance
infrared transform spectroscopy (DRIFTs) were performed to reveal the nature of active centers
and identify the enhanced catalytic activity of the Ni/h-BNNS catalyst. Ultimately, the reaction
mechanisms of the defect-induced efficient DRM reaction over the Ni/h-BNNS interface can be

unraveled via experimental results and DFT calculations.

2. EXPERIMENTAL SECTION

2.1 Catalyst preparation

Preparation of h-BNNS support

Urea and h-BN (Saint-Gobain Ceramic Materials) were mixed at the weight ratio 1:60, then put
the mixtures inside the agate jar and used a planetary ball mill at a rotation speed of 500 r.p.m.
for 20 h under N, atmosphere [27]. Different milling time (10 h and 30 h) were investigated to
seek suitable defective h-BNNS for the preparation of Ni-based catalysts. The obtained white
samples were dissolved in deionized water for 7 days to remove the extra urea. Finally, the h-
BNNS aqueous dispersions were obtained.

Preparation of Ni/h-BNNS-D serial catalysts



A certain amount of Ni precursor (Ni(NOs),-6H,0O) was added into the obtained h-BNNS
(milling time: 20 h) aqueous dispersions under vigorous stirring at 90 °C. Keep stirring the
solution until a thick. The as-prepared mixtures were dried by vacuum freeze drying to maintain
the architecture. Finally, the samples were calcined under the air atmosphere at 550 °C for 4 h
and reduced under the H, at 750 °C for 1 h. The obtained catalyst was denoted as Ni/h-BNNS
and the loading of Ni was at 5 wt %. For comparison, the Ni/h-BNNS-D serial catalysts with
varying Ni loadings (2% and 10%, milling time: 20 h) were prepared, denoted as Ni/h-BNNS 2%
and Ni/h-BNNS 10% catalysts. Furthermore, the Ni/h-BNNS-D serial catalysts with different
vacancy-introduced time (milling time: 10 h and 30 h, Ni loading: 5 wt%) of h-BNNS were
prepared as well, denoted as Ni/h-BNNS 10 h and Ni/h-BNNS 30 h catalysts.

Preparation of Ni/h-BN catalysts

The Ni/h-BN catalyst were prepared by impregnation process as above mentioned. The support
is the pristine h-BN. The Ni loading of the Ni/h-BN catalyst was 5 wt% for comparison.

2.2 Catalyst test

The catalytic activity and stability of the catalysts (120 mg) were conducted in a quartz fixed-bed
tubular reactor. The gas mixture of CH4 and CO, (CO,/CH4=1) was introduced at a gas hourly
space velocity of 15000 mL-(gh)". The gas chromatograph (GC) equipped with TCD analyzed
the productions. The catalytic stability was carried out at 750 °C for 20 h and 120 h, respectively.
The catalytic activity was sequentially carried out by increasing the reaction temperature from
550 °C to 800 °C. Furthermore, the thermodynamic equilibrium is calculated by HSC software
(version 6.0), the calculations included the DRM and reverse water gas reaction (RWGS)
reactions.

2.3 In situ study



In situ DRIFTs was performed on a Nicolet 6700 spectrometer with Harrick Scientific DRIFT
cell and a mercury-cadumium-telluride detector. Firstly, the catalysts were purged with N, (50
mL-min™) at 300 °C and got the background spectrum at the room temperature. First, the
catalysts pre-adsorbed CO, (45 mL-min™") for 1 h and then introduced CH, (45 mL-min™") stream.
The reaction temperature was 500 °C and collected the spectra. Second, the catalysts were pre-
adsorbed CH4 (45 mL-min™) at 500 °C and then introduced CO, (45 mL-min") stream to
examine the active species. Another experiment is designed to illustrate the process of the DRM
reaction, the catalysts were exposed to gas mixtures of CO, and CHy at 500 °C for 1 h.

2.4 Computational details

The calculations are carried out using density functional theory (DFT) with the functional of Wu
and Cohen (WC) as implemented in the SIESTA code [28-30]. Double-{ plus polarization
function (DZP) basis sets are used to treat the 2s°2p', 2s%2p°, 25*2p*, 1s' and 4s°3d® valence
electrons of B, N, O, H and Ni atoms, respectively [31,32]. The remaining core electrons are
represented by the Troullier-Martins norm-conserving pseudopotentials [33] in the Kleinman-
Bylander factorized form [34]. The h-BNNS surface is represented by a single layer slab with
7x7 element of h-BN. Periodic boundary conditions are used for all systems. All calculations are
spin polarized. The energy cutoff of 200 Ry is chosen to guarantee convergence of the total
energies and forces. A common energy shift of 10 meV is applied. The atoms in molecules
method of Bader (AIM) has been used for charge analysis [35,36]. The energy cutoff of 500 Ry
is used to calculated the density of state and Bader charge. The adsorption energy of Ni, on h-
BNNS is defined as E, = E(Ni;) + E(h-BNNS) - E(Nip/h-BNNS) where E(X) denotes the

electronic energy of X. The adsorption energy is defined as E;, = E(Ni@h-BNNS) + E(M) -



E(M/Ni@h-BNNS) where M denotes CH4 or CO,. The more positive values of adsorption
energy indicate the higher stability of total system.

3. RESULTS AND DISCUSSION

3.1 Characterization of the catalysts.

The morphology and structural properties of the Ni/h-BNNS catalyst are shown in Fig. la-1f.
The Ni particles are homogeneously embedded on the surface of h-BNNS and the particle sizes
are mainly ranged from 8 nm to 10 nm. The lattice fringes with a spacing of 0.209 nm can be
assigned to the (111) planes of metallic Ni (Fig. 1b), in consistency with XRD results. A typical
area was selected to identify the vacancy defects on the exterior surface of the h-BNNS support,
and the red arrows suggest the defective regions (Fig. 1c). The vacancies sites can be obviously
observed as compared with h-BN materials (Fig. S2). The defect vacancies may influence the
interaction between Ni and support, leading to the various dispersion and particle size of the Ni
species. In addition, the Ni/h-BNNS-D serial catalysts with varying Ni loadings and milling
times also show the homogeneously dispersed Ni species, while, the Ni/h-BN catalyst exhibits
the lager Ni particles (Fig. 1d and Fig. S3). The SEM images present the nanoscale thickness and
lateral size of the Ni/h-BNNS catalyst after mechano-chemical exfoliation as compared with the
Ni/h-BN catalyst (Fig. le and Fig. S4), the exfoliated h-BNNS may expose more edges and
corners, proving adequate active sites. Furthermore, the individual phase compositions were
confirmed by the STEM-EDX analyses, further illustrating the nano-sized and highly dispersed
Ni particles over the 2D interface (Fig. 1f). In addition, CO pulse chemisorption was carried out
to identify the Ni dispersion (Table S1). Both the Ni dispersion values of Ni/h-BN and Ni/h-

BNNS catalysts are extremely low. Deep and detailed investigation is needed to detect the metal



dispersion when considering that both Ni and support have strong interaction with H, and CO
molecules [37,38].

N, adsorption-desorption isotherms characterized the textural property of the Ni/h-BNNS
catalyst. The BET specific surface area is 81 m*/g and the average pore diameter is 3.8 nm (Fig.
2a). The characteristic XRD diffraction peaks corresponding to Ni (111), (200), and (220) are
detected (Fig. 2b) over the Ni/h-BNNS and Ni/h-BN catalysts. Notably, the XRD peaks of h-BN
phases over the Ni/h-BNNS catalyst decrease significantly, indicating the presence of h-BNNS
after mechano-chemical exfoliation [39]. Furthermore, the h-BN phases of the Ni/h-BNNS
catalyst shift to the lower angle, which may be due to that the embedded Ni atoms can increase
lattice spacing. The expanded region (Fig. 2b and Fig. S5a) can well illustrate that h-BNNS
phases shift progressively to the lower angle with the increase of milling time, indicating the
degree of incorporation of Ni species into the vacancy defects. The different degree of nano-
socketed Ni species may correspond to various exposed active Ni sites, which would influence
the catalytic performance. In addition, the weakened characteristic peaks of the h-BN phases
with different milling time (10 h, 20 h, 30 h) were also detected in the XRD patterns (Fig. S5).

The microstructure caused by vacancy defects has a great influence on the optical properties
[40]. The UV-visible absorption spectra (Fig. 2c¢) show that, compared to that of Ni/h-BN
catalyst, the optical absorption of the Ni/h-BNNS catalyst shifts in the long wavelength range as
a result of the abundant defects [40,41]. Furthermore, the optical absorption of few-layer h-
BNNS exhibits red-shift as well, which may suggest that defects such as vacancies are inevitably
introduced (Fig. S6). Thus, the abundant vacancies of the h-BNNS can offer a great potential to
embrace Ni species [24].

3.2 Interaction of Ni species with defect-modified support.



According to the H,-TPR profiles, all catalysts exhibit two or three distinct reduction peaks.
Typically, the higher reduction temperature can correspond to the enhanced metal-support
interaction [42]. The first peak at lower reduction temperature may suggest weak interaction
between NiO and support or small amount of bulk NiO species. While, the reduction peak at the
higher temperature can present the stronger metal-support interaction. The Ni/h-BNNS catalyst
presents the higher reduction temperature as compared with that of the Ni/h-BN catalyst (Fig. 3a).
Therefore, the introduction of abundant defects of the Ni/h-BNNS catalyst can promote the
metal-support interaction. In addition, Ni/h-BNNS-D serial catalysts with varying Ni loadings
and milling times were evaluated (Fig. S7). We have prepared h-BNNS support with various
milling time (10 h, 20 h and 30 h). The increase of milling time may introduce different amount
of surface defects. The Ni/h-BNNS-D catalysts with different vacancy-introduced time show the
higher reduction temperature and appear at 722 °C (Ni/h-BNNS 10 h), 650/712 °C (Ni/h-BNNS
20 h), and 723 °C (Ni/h-BNNS 30 h), respectively. While, among these catalysts with different
milling time, the Ni/h-BNNS (20 h) catalyst presents moderate reduction temperature which may
result from highly dispersed Ni species and promoted redox property via electron donor/acceptor
mechanisms. The DFT calculations and XPS spectra will further demonstrate enhanced redox
property of the catalyst. Therefore, taming 2D interfacial electronic effects via control of milling
time can well optimize metal-support interaction, which is important to promote the catalytic
performance. In addition, the reduction temperatures of Ni/h-BNNS-D catalysts decrease with
increasing Ni loadings (612/710 °C for Ni/h-BNNS 2%, 650/712 °C for Ni/h-BNNS 5%, and
416/517/742 °C for Ni/h-BNNS 10%). The differences of reduction temperature can be

associated with different Ni dispersion controlled by Ni loadings.



The surface electronic states of the catalysts were explored by X-ray photoelectron
spectroscopy (XPS). The XPS whole spectra show the presence of Ni, B, and N in the reduced
catalyst (Fig. S8). Notably, the Ni content of the Ni/h-BNNS catalyst is obviously lower than that
of the Ni/h-BN catalyst, which further evidences the highly dispersed Ni species through the
controllable introduction of vacancy defects. The spectra of Ni 2p exhibit two sets of peaks with
binding energies of 853.4 eV and 870.4 eV assigned to Ni’, and 856.4 ¢V and 874.2 eV
attributed to Ni*" (Fig. 3b) [43,44]. The co-existences of the redox cycle (Ni”/Ni*") can suggest
the enhanced redox property of the catalyst [1,45]. In addition, the nano-sized Ni° particles are
intrinsically prone to getting oxidized when exposed to air. Notably, the higher Ni 2p binding
energies of the Ni/h-BNNS catalyst than the Ni/h-BN catalyst can be consistent with the
formation of electron deficient Ni particles via electron transfer to the h-BNNS support [46].
DFT calculations with WC functional [47] were carried out to investigate the adsorption of Ni
clusters on pristine h-BN and defected h-BNNS, which can further prove the differentiation of
the electronic interaction through the control of various defects.

3.3 DFT calculations about electronic properties of the catalysts.

According previous theoretical studies, the trends of the charge transfer between metal cluster
and surface, and the properties of Ni atoms at the interface will not change by the clusters size.
Here, we chose Ni dimer to clarify the interaction between Ni clusters and h-BNNS [48-51]. As
shown in Fig. 4, several adsorption structures were located for Ni, on pristine h-BN, h-BNNS
with B vacancy (Vg_h-BNNS) and h-BNNS with N vacancy (Vy_h-BNNS). Ni, adsorbs on the
pristine h-BN surface with an adsorption energy of 1.65 eV. With introducing defects, the
interaction between Ni, and the h-BNNS support becomes considerably stronger. The distance

between Ni atoms and h-BNNS with defects are shorter compared to the pristine h-BN case,
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which is consistent with the experimental result that the existence of defects in h-BNNS surface
highly enhanced the interaction between Ni particles and the h-BNNS surfaces. More
importantly, the defects strongly affect the charge transfer between h-BNNS and Ni,. The Bader
charge analysis [35] shows that 0.28 ~ 0.32 electrons are transferred from pristine h-BN to the
adsorbed Ni,, while the defects in h-BNNS highly enhances the charge transfer, and moreover,
the electron transfer mechanism changes by introducing different type of defects. It shows that
the Nij loses 0.35-1.05 electrons that are transferred to Vg_h-BNNS, while the Ni, gets 0.11-0.35
electrons from Vy_h-BNNS. Therefore, the Vg_h-BNNS works as an electron acceptor while
Vn_h-BNNS works as an electron donor. The electron pushing and donor/acceptor mechanisms
over the Ni/h-BNNS can be used to tune the catalytic activity of the supported Ni species.

To gain more insight into the interaction between Ni, and h-BNNS, we compared the partial
density of states (PDOS) projected on Niy, pristine h-BN and h-BNNS with defects (Fig. S9).
The pristine h-BN has a very large band gap ~4.50 eV. The introduction of defects highly
influences the electronic structures and additional states appearing near the Fermi level. For the
free Ni, molecule, the state near the Fermi level are mainly the 3d states of Ni atoms. After
adsorption of Ni; on h-BNNS, the wide overlap between 3d states of Ni, and the states of h-
BNNS indicates the strong interaction between them. The states near Fermi level for Vy_h-
BNNS and Vg_h-BNNS disappears and d states of Ni, still exist. Therefore, the active sites on
the surfaces for small molecule may mainly localize on the Ni,.

3.4 Evaluation of the catalytic activity and stability.
The introduction of vacancy defects can obviously influence the electronic structure of the Ni/h-
BNNS catalyst as discussed above, which offers reaction interface molecular accessibility and

promotes the catalytic activity. The activities of DRM reaction over the reduced catalysts were
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evaluated (Fig. 5a). As expected, the Ni/h-BNNS catalyst shows excellent activities at different
reaction temperatures (550 °C-800 °C), whereas the lower catalytic activities are observed for the
Ni/h-BN catalyst. Notably, CH; conversions of the Ni/h-BNNS catalyst is near to
thermodynamic equilibrium, especially in the higher temperature range. Simultaneously, there is
only 0.2 % loss of catalytic activity for the Ni/h-BNNS catalyst even after 120 h stability test
(Fig. 5b), illustrating the markedly improved catalytic durability. CO, conversion is very
important to identify the catalytic performance of the reduced catalysts. As shown in Fig. S10,
CO, conversions of Ni/h-BN and Ni/h-BNNS catalysts are higher than that of CH4 conversions,
which can be due to the occurrence of reverse water-gas shift reaction (RWGS) [4]. Meanwhile,
CO; conversion also suggest enhanced catalytic stability of the Ni/h-BNNS catalyst. Furthermore,
a serial stability tests of the Ni/h-BNNS-D catalysts were evaluated (Fig. S11) to describe the
effects of Ni content and vacancy defects on catalytic stability. For Ni-rich catalysts (Ni loading:
2%, 5%, 10%), the increase of CH4 conversion can be observed, while for increase of milling
time (10 h, 20 h, 30 h), a slight deactivation can be noticed. Based on the result of H,-TPR and
XRD patterns, the Ni/h-BNNS 30 h exists strong metal-support interaction. The partial Ni
particles embraced by the h-BNNS allows interaction with amount of exposed Ni sites, which
may lead to the decrease of active Ni sites, thus, suggesting rapid deactivation. Therefore, taming
the metal-support interaction to optimize metal active-site property is important to control the
catalytic performance. Overall, these results and comparisons to the Ni-based catalysts indicate
that highly dispersed and nano-sized Ni species can be benefit to the CH4 conversion [52], while
the abundant vacancy defects can further promote the activation of reactant gas, improving their

activity and stability.
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Moreover, the H,/CO ratio can quantify the extent of side reactions, demonstrating the
catalytic selectivity. We observed that the H,/CO ratios obtained in the Ni/h-BNNS catalyst are
slightly higher than the thermodynamic equilibrium prediction of a Ho/CO ratio of 0.92, whereas
Ni/h-BN catalyst shows a lower H,/CO ratio which decreases significantly from 0.97 to 0.90,
illustrating the activity decays (Fig. 5¢). The H,/CO ratio of the Ni/h-BNNS catalyst is slightly
higher than 1 is probably due to further side reactions, such as Boudouard reaction or CHy4
decomposition reaction, occur simultaneously [53]. CH4 decomposition can increase the amount
of H, and/or Boudouard reaction can decrease the amount of CO, leading to the higher H,/CO
ratio. In addition, these side reactions mainly occur on the Ni sites, and the carbon deposition
which may cover the active sites, leading to the catalyst deactivation [54]. For the CHj4
decomposition, it mainly generates highly reactive carbon species C, which can be gasified by
CO; [55]. Hence, the elimination of carbon can recover more reactive sites and the anti-coking
ability is expected for the Ni/h-BNNS catalyst when compared to the Ni/h-BN catalyst.

3.5 Characterization of the spent catalysts.

After the long-term stability test, the Ni/h-BNNS-D catalysts still exhibit highly dispersed Ni
species (Fig. S12). Both the experiments and DFT calculations suggested that the vacancy-
abundant h-BNNS can enhance the metal-support interaction, resulting in the high dispersion of
Ni species and enhanced catalytic performance. On the contrary, for the spent Ni/h-BN catalyst,
visually filamentous carbon deposited on the aggregated Ni particles, which can explain the
catalyst deactivation. Furthermore, the separation of Ni particles from h-BN support can be
observed, attributing to the weak metal-support interaction.

In addition, carbon deposition originated from CH4 decomposition and CO disproportionation

on the catalysts during the DRM reaction was quantified by the thermogravimetric analysis (TG).
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The weight losses of the spent Ni/h-BNNS and Ni/h-BN catalysts after 20 h stability test are 0.3%
and 9.4% (Table S2) which are observed in the temperature range 150-800 °C due to the
oxidation of carbonaceous species. Remarkably, the Ni/h-BNNS catalyst shows the excellent
anti-carbon performance and there is little weight loss even after 120 h stability test (Fig. 6).
While, the water loss of the Ni/h-BNNS in the temperature range 50-150 °C can be observed. It
may be due to that the surface structure of defective h-BNNS can adsorb an amount of moisture
in the air, thus, further illustrating the existence of surface defects. Therefore, we suppose the
nano-sized Ni species and abundant defects can synergistically enhance the coke-resistance of
the Ni/h-BNNS catalysts. Moreover, the morphology-dependent enhanced the performance of
2D catalysts may be achieved in the DRM reaction. Our previous work focus on the well-defined
structure of mesoporous which could enhance sintering and coke resistance of Ni-based catalysts
[19-21]. We found that coke formation almost exclusively at the external surface while part of
coke formation could occur inside the mesoporous. Internally deposited carbon can cover the Ni
species and further block mesoporous, leading to the catalyst deactivation. In addition, it has
been reported that external coke causes relatively little hindrance to diffusion [56]. Therefore, we
propose that the longer catalytic lifetime of 2D catalysts may be due to the slow coke deposition
and gasification of external build-up of coke over the 2D interface.

3.6 In situ study on DRM reactions.

To understand the chemistry of DRM process over the Ni/h-BNNS catalyst interface, in situ
DRIFTs of transient reaction were performed. The Ni/h-BNNS catalyst was pre-adsorbed CHy4 at
500 °C for 1 h. When introducing CO, stream, the B-OH vibration peaks linked by H-bonds at
3500-3800 cm™ region appear in Fig. 7a [57,58], as we discussed in the previous study. The

intensities of B-OH peaks increase rapidly with flowing CO, stream, suggesting that the B-OH
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species can be formed and adsorbed subsequently on the 2D surface of the Ni/h-BNNS catalyst.
Notably, the intensity of the B-OH species maintains after 1 min (Fig. 7b). In comparison, the
Ni/h-BNNS catalyst was pre-adsorbed CO; at 500 °C for 1 h and then introduced the CHy4 stream
simultaneously. While the intensities of the adsorbed B-OH species decrease rapidly with
flowing CHy4 stream as a function of time (Fig. 7c), which may illustrate the B-OH species can
participate in the DRM reaction. After 1 min, the intensities of B-OH peaks also maintain (Fig.
7d), which is a result of the balance between the consumption and generation of B-OH species.
Most importantly, we find that the formation of B-OH species can contribute to the improvement
of the catalytic activity. During the DRM reaction, it is generally considered that Ni species are
the main active sites for the activation of reaction gas, as the DFT calculations discussed.
Typically, CH4 decomposition is mainly occurred over the active Ni sites and formed reactive H
and CHy species which may cover Ni sites [52], thus, easily leading to the catalyst deactivation.
While, we find that the intensities of B-OH species decreased when introducing CHy, which may
suggest that the formed H and CHy species can migrate to the support surface and react with B-
OH species. Therefore, we suppose this process can recover more reactive Ni sites and the
recovered Ni sites will contribute to the continuous DRM reaction [59]. In addition, in situ
DRIFTs of the DRM reaction can illustrate the reactivity of the system towards CH4 and CO,
over different catalysts. The rate of the formation of B-OH species over the Ni/h-BNNS catalyst
is faster than that of Ni/h-BN catalyst (Fig. S13), suggesting the enhanced catalytic activity. It
can be ascribed to that abundant vacancy defects can enrich active sites for the DRM reaction.
3.7 Promotional effect of defects on the activation of CH4 and CO,.

To clarify the effect of h-BNNS surface on the catalytic properties of the Ni nanoparticles, we

compared the adsorption and activation of CH4 and CO; on free, pristine h-BN and h-BNNS
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supported Ni,. By considering the structures in Fig. 4, the most stable geometries for CH4 and
CO, adsorption are shown in Fig. 8. It is demonstrated that the CHy4 prefers to adsorb on the top
of Ni,, while CO, prefers to bridge on the Ni-Ni bond. This adsorption geometric properties
makes distance between CH4 and CO, on Ni nanoparticles short enough to react with each other.
It shows that both CHs and CO, can adsorb and become activated on the free and h-BNNS
supported Ni,. The existence of Vg can enhance the catalytic activity of the adsorbed Ni, for the
CHy,4 activation. Although the adsorption energy of CH4 on Ni/Vn_h-BNNS is smaller than that
in the other cases, the longer bond length of C-H indicates that the CHy is highly activated (Fig.
8a). The CO; on free and Ni supported surfaces exhibits a bent geometry like anionic CO,, which
indicates the activation of CO,. The interaction between Ni, and h-BN and defected h-BNNS
results in significant changes in charge transfer to the adsorbed CO,. The existence of pristine h-
BN and Vy_h-BNNS promotes the charge transfer to the adsorbed CO,. CO; gets less electrons,
-0.50 |e| when it adsorbs on the Nip/Vg_h-BNNS compared to the free Ni, case, -0.66 [e|.
Therefore, the more charge transfer from the surface supported Niy, the higher activity of Ni, for
CO; adsorption.

Furthermore, we also compared the PDOS projected on Ni,, pristine h-BN and h-BNNS with
defects to investigate the key factors for the activation of CH4 and CO, molecules (Fig. 9). The
3d orbital of Ni atoms, sp orbital of C atom, s orbital of H atom, and sp orbital for CO molecule
in CO; molecule are extracted to investigate the key factors for the activation of CH4 and CO,
molecules over the reduced catalysts. Compared to CH4@Ni,, the introduction of h-BNNS does
not affect the C-sp and H-s orbitals are lower than the Fermi level, which means that the o orbital
of C-H is not affected by the additional surfaces. However, the unoccupied orbital around 4.0 eV

becomes broader, indicating the stronger interaction between ¢* antibonding orbital of CH4 and
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surface supported Ni,. For the case of CO, adsorption, the 2p of C and O atoms (CO-2p) around
3.0 eV changes significantly due to the introduction of h-BNNS, which means the strong
interaction between 7 orbital of CO, and 3d orbital of Ni atoms. The energy of = states of CO; on
Niy/h-BN and Ni,/Vn_h-BNNS is lower than the ones on free Ni,. Therefore, the CO; on Niy/h-
BN and Niy/Vn_h-BNNS is more stable and active than on the free Ni,. The above DFT results
are consistent with the experiments and illustrate that various defects of Ni/h-BNNS catalyst can
optimize catalytic performance of the DRM reaction by taming 2D interfacial electronic effects.
3.8 Possible reaction mechanism.

Overall, the above experimental results, in situ studies and DFT calculations demonstrated that
the modifying metal-support interaction though vacancy-engineering can be an effective
approach to improve the catalytic performance. A proposed mechanism for the DRM reaction on
the Ni/h-BNNS catalyst is shown in Scheme 1 and we assess in the following beneficial effects
of the interfacial vacancy defects on the catalytic performance: (1) The Ni particles are nano-
sized and mainly embedded on vacancy defects of h-BNNS support. The high dispersion and
embedded configuration of Ni species can effectively inhibit the metal sintering and enrich
active sites for the DRM reaction, leading to superior catalytic durability, indicative of the
stronger metal-support interaction. (2) In addition, controlling surface defects of Ni/h-BNNS
catalyst can create frustrated Lewis acid-base pairs [60,61]. The Vg h-BNNS works as an
electron acceptor (Lewis acid) while Vy_h-BNNS works as an electron donor (Lewis base). The
interfacial electronic properties derived from vacancy defects suggest the enhanced the metal-
support interaction, which can favor the activation of CH4 and CO, via electron donor/acceptor
mechanisms, resulting in the excellent catalytic activity and stability. (3) In situ studies identify

that the formed B-OH species over the Ni/h-BNNS interface are of great benefit to recover more
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reactive Ni sites to enhanced catalytic activity. (4) Furthermore, the large number of active sites
on the 2D interface render it highly active for the conversion of CH4 and CO; and benefit to the
removal of external build-up of carbon, and thereby dramatically inhibits catalyst deactivation
caused by the carbon deposition. Overall, the interfacial vacancy doping effectively modified the
active sites, morphologies and surface electronic properties, leading to the enhanced the catalytic
performance of the Ni/h-BNNS catalyst.

4. Conclusions

In summary, the Ni/h-BNNS catalyst exhibits excellent catalytic activity, stability and coke-
resistance during the DRM reaction via the synergistic effect of abundant surface defects and
nano-sized Ni species. Based on the catalytic performance complemented by in situ
characterizations and DFT calculations, we reveal key surface electronic properties through the
introduction of various defects and identify the catalytic nature of the defect-promoted Ni/h-
BNNS catalyst. The richness of vacancy defects over the 2D surface can enhance metal-support
interaction via electron donor/acceptor mechanisms, which can significantly improve the
catalytic conversion of CHy4 and CO,. Therefore, the vacancy-engineering can be an attractive
strategy to optimize catalytic performance by taming interfacial electronic effects. We hope this
work can provide new insights into defect effects relevant for the surface applications in energy

conversion and storage.
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Figure Captions

Fig. 1. (a) STEM image with the size distributions of Ni particles and (b) HRTEM image of
Ni/h-BNNS catalyst; (c) HRTEM image of h-BNNS materials; (d) TEM image, (¢) SEM image

and (f) elemental mapping results for the Ni/h-BNNS catalyst.

Fig. 2. (a) N, adsorption-desorption isotherms of the Ni/h-BNNS catalyst. (b) XRD patterns and

(c) UV-vis spectra of the Ni/h-BNNS and Ni/h-BN catalysts.
Fig. 3. (a) H,-TPR profiles and (b) XPS spectra of the reduced catalysts.

Fig. 4. Adsorption of Ni, on (a) pristine h-BN, (b) Vg _h-BNNS and (c¢) Vn_h-BNNS. The
interatomic distances are given in A. The adsorption energies of Ni, on surface are shown below

the geometrical structure.

Fig. 5. Temperature dependence of (a) CHy4 conversion, (b) CH4 conversion as a function of time

on stream and relevant (¢) H,/CO ratio over the reduced catalysts.
Fig. 6. TG profiles of the spent catalysts after stability test.

Fig. 7. Evolution of in situ DRIFTSs over the Ni/h-BNNS catalyst after CH, adsorption at 500 °C
with flowing CO, stream for (a) 1 min and (b) 30 min; and after CO, adsorption at 500 °C with

flowing CHy stream for (c) 1 min and (d) 30 min.

Fig. 8. Adsorption geometry of (a) CH4 and (b) CO; on free Ni,, Ni, supported on pristine h-BN
(Nip/h-BN), Ni; on Vg h-BNNS (Nip/Vg_h-BNNS) and N vacancy (Nip/Vn_h-BNNS). The
interatomic distances are given in A. The adsorption energies of Ni, on surface are shown below

at each structure.
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Fig. 9. Partial density of states (PDOS) projected on the Ni, (black line), CH4 and Ni; (color line):
denote the CHy4 adsorption on (a) free Ni,, (b) Niy/h-BN, (¢) Ni,/Vg_h-BNNS, and (d) Nip/Vy_h-
BNNS; denote the CO, adsorption on (e) free Nip, (f) Niy/h-BN, (g) Nip/Vg_h-BNNS, and (h)
Niy/Vn_h-BNNS. All the Fermi levels are shifted to 0.0 eV (black line: 3d orbital of Ni atoms;

red line: sp orbital of C atom; blue line: s orbital of H atom).

Scheme 1. Proposed reaction mechanism for the DRM reaction over the Ni/h-BNNS catalyst.
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Fig. 1. (a) STEM image with the size distributions of Ni particles and (b) HRTEM image of Ni/h-BNNS
catalyst; (c) HRTEM image of h-BNNS materials; (d) TEM image, (¢) SEM image and (f) elemental mapping

results for the Ni/h-BNNS catalyst.
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in A. The adsorption energies of Ni, on surface are shown below at each structure.
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Fig. 9. Partial density of states (PDOS) projected on the Ni, (black line), CH4 and Ni, (color line): denote the
CH, adsorption on (a) free Nip, (b) Nip/h-BN, (c) Ni,/Vg_h-BNNS, and (d) Nip/Vy_h-BNNS; denote the CO,
adsorption on (e) free Nip, (f) Nipy/h-BN, (g) Nip/Vg_h-BNNS, and (h) Nip/Vy_h-BNNS. All the Fermi levels
are shifted to 0.0 eV (black line: 3d orbital of Ni atoms; red line: sp orbital of C atom; blue line: s orbital of H

atom).



Scheme 1. Proposed reaction mechanism for the DRM reaction over the Ni/h-BNNS catalyst.
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