The Interplay Between Defects and Short-Range Disorder Manipulating the Oxygen Evolution Reaction on Layered Double Hydroxide Electrocatalyst 
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Abstract
Improving the oxygen evolution reaction (OER) efficiency is crucial for advancing sustainable and environmentally friendly hydrogen energy. Layered double hydroxides (LDHs) have emerged as promising electrocatalysts for OER. However, a thorough understanding of the impact of structural disorder and defects on the catalytic activity of LDHs remains limited. In this work, a series of NiAl-LDH models are systematically constructed, and their OER performance is rigorously screened through theoretical density functional theory (DFT). The acquired results unequivocally reveal that the energy increase induced by structural disorder is effectively counteracted at the defect surface, indicating the coexistence of defects and disorder. Notably, it is ascertained that the simultaneous presence of defects and disorder synergistically augments the catalytic activity of LDHs in the context of OER. These theoretical findings offer valuable insights into the design of highly efficient OER catalysts, while also shedding light on the efficacy of LDH electrocatalysts.
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Introduction
Electrochemical water splitting using renewable electricity has been recognized as an appealing route to produce green hydrogen1. The electrochemical water splitting process is divided into two half-cell reactions: hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). As OER involves a four electron transfer process and the reaction energy barrier is difficult to overcome, making it slower than the half-cell HER, and overall it is the limiting factor to achieve highly efficient electrocatalysis.2-5 The development of new high-performance electrocatalysts is critical for decreasing the OER reaction energy barrier and increasing the efficiency for H2 production6. Currently, RuO2 and IrO2 are considered state-of-the-art OER catalysts owing to their relatively small overpotentials, however their high costs and poor electrochemical stability of these materials seriously impede their large-scale application. Therefore, investigations of catalysts for the OER which have excellent activity and stability have attracted significant attention in recent years7. Indeed, research into transition metal phosphides8, sulfides9, nitrides10, oxides11 and two-dimensional layered double hydroxide (LDH) materials12-14 for water splitting has yielded promising findings. Among them, LDH materials have attracted a lot of attention because some formulations offer promising OER performance using earth abundant elements15. 
Several investigations have shown that introducing defects (O and metal cation vacancies) is an effective strategy for enhancing the electrocatalytic performance of LDH materials for splitting water16. For example, the Wang group17 reported a series of investigations to enhance the OER activity of LDHs by preparing O vacancy-rich CoFe-LDH nanosheets. For NiFe-LDH, the introduction of metal cation vacancies within LDH nanosheets enhances OER activity.18, 19 In summary, the existence of defects helps to expose the active sites20, promote substrate adsorption and electron transfer in the reaction process21, thus improving the electrocatalytic performance of LDHs. 22 
The disorder23 on the LDH laminate is another important structural feature, that is widely existed in LDH structure, affecting its water splitting performance.24 LDH laminates are composed of a large number of hydroxyl groups, divalent metal ions and trivalent metal ions,25 and the so-called disorder means M3+-M3+ close contacts through hydroxyl groups. Metal cations disorder was previously thought to be unstable owing to the rise of laminate energy,26 however, a large amount of experimental evidence has recently confirmed that cation disorder exists broadly in LDH both using Nuclear Magnetic Resonance (NMR) and Pair Distribution Function (PDF) methods.27-29 However, research on quantifying the disordered configuration is still relatively limited, and its association with defects and influence on LDH performance is still unknown, which hinders the understanding of disorder factors and is not conducive to the further design of LDH materials. Therefore, it is important to examine the effect of defects and disorder on the OER performance of LDH materials from the perspective of theoretical calculations. 
Although NiFe-LDH has excellent performance in catalytic OER 30, 31, the valence state of Fe ions during the reaction process is very complicated 32, 33, Moreover, the investigation of disorder requires the involvement of trivalent cations, which limits the applicability of NiFe-LDH for disorder research. Previous studies have demonstrated that NiAl-LDH can also serve as an exceptional catalyst for OER 34-37, therefore, we have selected NiAl-LDH as the focus of our research. Herein, a series of Ni2Al-LDH electrocatalysts with different defect and disorder configurations have been constructed, and their OER performance has been theoretically evaluated through density functional theory (DFT) calculations (Scheme 1). Our main objective was to determine the influence of disorder and defect interaction on OER activity, predict theoretical overpotential and propose further optimization strategies. Our theoretical results demonstrate the co-existence of defects and disorder on LDH laminates, and a basis by which a reduction of the OER overpotential can originate by defects and disorder. These findings not only provide a new view on the interaction between disorder and defects in the OER reaction research of LDHs, but also provide a theoretical basis for further modifications structure of LDH to improve electrocatalytic performance. 
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Scheme 1 The effects of defects and disorder on the oxygen evolution reaction using layered double hydroxide electrocatalyst.

Results and discussion
The terms P, VO, VNi and VAl are used to define, pristine, O defective, Ni defective and Al defective surfaces in LDH structure, respectively (Fig. 1a), different Al3+ linkage configurations are shown in Fig. 1b. Moreover, all surface models in this paper were shown in Fig. S1-S4 for clarity. The comparison of surface energy can reflect the stability of the laminated structure38, in order to study the influence of defects and disorder on the stability of laminates, we first compared the energies of all these surfaces. One should notice that the defect formation energy must be took into consideration while comparing the energies. The formation energy of O, Ni and Al defects on the LDH surfaces is performed by the following equation:
                                                P-Alm-n – O = VO-Alm-n	(1)
                                      ΔE = EVO-Alm-n + EO – EP-Alm-n	(2)
                                         P-Alm-n – Ni = VNi-Alm-n	(3)
                                     ΔE = EVNi-Alm-n + ENi – EP-Alm-n	(4) 
                                            P-Alm-n – Al = VAl-Alm-n	(5)
                                         ΔE = EVAl-Alm-n + EAl – EP-Alm-n	(6)
   Where m stands for the number of Al3+ cations involved in the disorder linkage and n stands for the different Al3+ cation linkage configuration.
The energy comparisons for all these surfaces were listed in Table S1 and the representative models were presented in Fig. 1c. From Fig.1c, it can conclude that O vacancies are easier to form than the metal vacancies on disorder-free surfaces, for the formation energy of O vacancy is negative (–0.54 eV for VO-Al1-1), while the single Ni2+ vacancy and Al3+ vacancy of LDH structure have large formation energy (5.58 eV for VNi-Al1-1 and 4.52 eV for VAl-Al1-1), manufacturing metal defects often requires additional special treatment experimentally, such as exfoliation, etching  and intercalation, et al. 17, 18, 39, 40. Moreover, about energy changes brought by disorder, on the P surfaces (surfaces without any defects, red line in Fig. 1c), the surface energy increases gradually form Al1 (no cation disorder) to Al4 (four Al atom linkage disorder), which means as the number of Al atoms linked to each other by the hydroxyl group increases, the energy of the laminate increases, resulting in instability of the structure. On the VO (blue line in Fig. 1c) surfaces, the surface energy decreases gradually from Al1 to Al4, which proves that the presence of disorder on the O defect surface increases the stability of the laminate. While on the VNi surfaces (green line in Fig. 1c), the surface energy first increases and then decreases form Al1 to Al4, but the energy increases in a small range (0.11 eV for VNi-Al2-1 comparing with VNi-Al1-1), which is similar with VAl surfaces, energy changes of VAl surfaces show a slight volcanic pattern (The energy peak increased by 0.21 eV for VAl-Al2-1 surface). Such low energy fluctuation implies disorder does not significantly alter the energy of the VNi and VAl surfaces, therefore on LDH laminates with metal defects, trivalent cation disorder is highly likely to exist. In summary, on the pristine surfaces, the presence of disorder leads to an increase in surface energy, while the presence of disorder on the surface of O defects leads to a decrease in surface energy, and the presence of disorder on the surface of metal defects has a slight impact on energy, defects and disorder may coexist in LDH materials. Furthermore, in order to more accurately simulate the situation in which oxygen and metal defects always coexist in the experiment,18 we calculated the effect on the surface energy when the two kinds of defects co-exist (VO-VNi and VO-VAl), a detailed model of the surface construction and energy comparisons were shown in Fig. S5. From Fig. S5c, the energy of the model where the two defects coexist is lower, and on the surface where the two defects coexist, Al-O-Al disorder is also quite likely (Fig. S5d and e). After discussing the effects of defects and disorder on surfaces energy, we will discuss the influence of the coexistence on OER process.  
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Fig. 1 Schematic illustration of the (a) Pristine, O defect, Ni defect and Al defect surfaces models and (b) disorder models; the blue circles represent the Ni atoms, yellow circles represent the Al atoms and red circles represent the O atoms; the surfaces was named Alm-n, while m stands for the number of Al atoms involved in the disorder linkage and n stands for the different Al cation linkage configuration; (c) Energy comparation between different surfaces.

After investigating the influence of defects and disorder on surface energy, we focused on the overall OER process, and structure diagrams of the complete OER process are shown in Fig. S6. A large number of previous reports have shown that choosing metal ions as active sites to catalyze the OER reaction will cause deformation of the laminate, because the metal ions are deeply encapsulated by the six hydroxyl groups,41 so we selected the three-coordinated O atom on the LDH laminate as active sites to catalyze the entire OER. We first investigated the coordination environment of O active sites, as shown in Fig. S7a, every O atom was bonded with two Ni2+ cations and one Al3+ cation (define as Ni2Al1). While on the model of disorder, there might be four different types of O atoms with differing coordination environments (Fig. 2a, define as Ni3, Ni2Al1, Ni1Al2 and Al3). To investigate the effect of O coordination environment on OH* adsorption in the first step of OER reaction, we compared the adsorption energy of intermediate OH* at different O active sites, the results are shown in Table S2-S5. The coordination environment of O atoms affects the OH adsorption, which means that the change of the coordination environment of O atoms by disorder significantly affects the initial phase of the OER reaction.
We began by investigating the effect of disorder on the electronic structure of the laminates and the adsorption of intermediates on the P-Al3-3 surface. From the structures (Fig. S1), this surface contains all four types of reactive O sites (Fig. 2a). The Bader charge is frequently employed to investigate charge buildup on the target atom in order to represent the impact of its surrounding coordination environment and has been wildly used in various chemical environments.42, 43 The Bader charges of four different reactive O sites was calculated, and the results were shown in Fig. 2b. The higher the Bader charges, the greater the charge accumulation of the target atoms. By studying Bader charge, we find that as the number of Al atoms surrounding O active site rises, ie. as the degree of disorder in Al-O-Al increases, so does the Bader charge of O atom. The presence of disorder promotes the charge accumulation of O active site surrounded by Al atoms. The investigation of the adsorption energy of OH* reveals that the charge accumulation on O atoms must be at an appropriate level to aid OH* adsorption (Fig. 2c). Too high or too low Bader charge will impede the adsorption energy of OH*. Similar research can be also found in 2D material adsorption.44 
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Fig. 2 (a) Four kinds of O active site based on the coordination environment on x-Al3-3 surface under the existence of disorder, x stands for the pristine and defective configuration The Bader charges of different kinds of O active sites (b) and relationship between the adsorption energy of OH* and the Bader charges (c) on P-Al3-3 surface; The Bader charges of different kinds of O active sites (d) and relationship between the adsorption energy of OH* and the Bader charges (e) on VO-Al3-3 surface; The Bader charges of different kinds of O active sites (f) and relationship between the adsorption energy of OH* and the Bader charges (g) on VNi-Al3-3 surface; The Bader charges of different kinds of O active sites (h) and relationship between the adsorption energy of OH* and the Bader charges (i) on VAl-Al3-3 surface.

On the surfaces of VO-Al3-3, VNi-Al3-3, and VAl-Al3-3, the effects of this disorder on the electronic structure of active O site and the adsorption of OH* intermediates are shown in Fig. 2d-f. According to the analysis of Fig. 2d-f, the change of O atom Bader charge with disorder on the surface of O, Ni, and Al defects is consistent with the pristine surface, that is, the enhancement of trivalent metal linkage around O atom promotes charge accumulation on O atom, giving the gradually rising Bader charge. Furthermore, charge accumulation on the surface of VO-Al3-3 and VNi-Al3-3 must be in a reasonable range to promote intermediate adsorption (Fig. 2g and h), whereas charge accumulation on the surface of VAl-Al3-3 gradually increases the difficulty of intermediate adsorption (Fig. 2i), indicating unfavorable OER performance as discussed below. From the results and discussion of the above theoretical results and discussions, the aggregation of Al atoms near the O reaction site affects the adsorption of intermediates by influencing the aggregation of electrons at the O active site, and the aggregation must be maintained at a reasonable level to reduce the adsorption energy of OH. 
After investigating the effects of defects and disorder on the electronic structure of the active site, we calculated the energetics of the entire OER process to determine the effects of defects and disorder. The specific energy changes of all 29 selected surfaces are shown in Fig. S8-S11.We have summarized the energy barriers in Fig. 3a to examine the impact of disorder more intuitively on the energy barrier of the OER process (for more information, see Table S6). As shown in Fig. 3a, on the pristine surface without any defect (blue bar), the existence of disorder makes the ηOER rise first (0.71 eV for P-Al1-1 and 1.09 eV for P-Al2-1) and then decrease (1.09 eV for P-Al2-1, 0.68 eV for P-Al3-2 and 0.59 eV for P-Al4-4), which means disorder can promote the OER reaction although the structure formation is not favorable (Fig. 1c). A summary of the reaction barriers for OER on the O defect surfaces were shown in Fig. 3a (red bar). Through an analysis of the overpotential in the reaction process, it can be found that the ηOER increases first (0.47 eV for VO-Al1-1 and 0.85 eV for VO-Al2-1) and then decreases (0.85 eV for VO-Al2-1, 0.39 eV for VO-Al3-1 and 0.51 eV for VO-Al4-4). The lower OER barrier indicates that disorder promotes the OER reaction on the surface of O vacancy. The potential determining step (pds) is the elementary step with the most positive Gibbs reaction free energy, the pds and associated thermodynamic overpotential are readily identified from the free energy profile calculated 45-47. There are two types of potential determining steps in all OER reaction processes: OH* → O* and O* → OOH* (Fig. S9), which means on the O defect surface, the existence of disorder would influence the breakage of O-H bonds and formation of O-O bonds. 
   Further, we consider the effect of disorder in addition to Ni defects on the LDH surfaces toward OER performance. A summary of reaction barriers for OER on Ni defective surfaces is shown in Fig. 3a (orange bar). With the addition of disorder, the ηOER shows a volcano-type response (0.67 eV for VNi-Al1-1, 0.78 eV for VNi-Al2-1 and 0.49 eV for VNi-Al3-1). Comparing with the VNi-Al1-1 surface, the lower OER barrier in the VNi-Al3-1 (0.49 eV), VNi-Al3-2 (0.55 eV) and VNi-Al4-3 (0.66 eV) surfaces indicates that the existence of disorder promotes the OER reaction on Ni defective surfaces. There are two types of potential determining steps in all OER reaction processes on Ni defective surfaces: H2O* → OH* and O* → OOH* (Fig. S10), which means the existence of disorder would influence the adsorption of OH* intermediates and the formation of O-O bonds that promote the OER performance. As shown in Fig. 3a, on Al defective surfaces (green bar), the existence of disorder hinders the OER reaction (ηOER is 0.35 eV for VAl-Al1-1, 1.07 eV for VAl-Al2-1 and 0.61 eV for VAl-Al3-2). The existence of disorder significantly changed the OER reaction potential determining steps from O-H cleavage to the adsorption of OH and the formation of O-O bond (Fig. S11).
Subsequently, taking the P-Al1-1, P-Al4-4, VO-Al1-1, VO-Al3-1, VNi-Al1-1, VNi-Al3-1, VAl-Al1-1 and VAl-Al3-2 surfaces as representative samples, detailed free energy diagrams are shown in Fig. 3b-i. P-Al1-1 model represents the pristine surface without any defects or disorder, and the ηOER is 0.71 eV (Fig. 3b), while the overpotential decreases to 0.59 eV on the P-Al4-4 surface where disorder is introduced (Fig. 3c). This shows that the introduction of disorder can reduce the overpotential energy barrier, but it is not as significant as the effect of defects on the improvement of catalytic performance since the ηOER of VO-Al1-1 and VAl-Al1-1 is 0.47 eV and 0.35 eV, respectively48, 49. In addition, the experimental results indicate that the overpotential of NiAl-LDH material with Al defects catalyzing OER reaction is 0.31V36, matching our calculated results, proving the accuracy of the calculated results. It can also be seen from Fig. 3b-g that the introduction of disorder can reduce the OER overpotential on the pristine, O defect and Ni defect surfaces. According to the analysis of the overpotential energy, the existence of defects dominates energetics of the reaction, and disorder has a slight promotion effect. Special experimental treatments, such as exfoliation17, etching18, and intercalation39, et al., can introduce a large number of oxygen and metal defects on LDHs laminates. The research results confirm that the presence of defects promotes substrate adsorption and electron transfer, thus greatly improving the catalytic performance of LDHs in OER reactions48, 49.
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Fig. 3 (a) Reaction barriers of OER process on pristine surfaces (blue), O defect surfaces (red), Ni defect surfaces (orange) and Al defect surfaces (green). Detailed free energy diagrams for (b) P-Al1-1, (c) P-Al4-4, (d) VO-Al1-1, (e) VO-Al3-1, (f) VNi-Al1-1, (g) VNi-Al3-1, (h) VAl-Al1-1 and (i) VAl-Al3-2 surfaces. (i) Contour plot of OER activity for the defective and disordered surfaces. The scaling relationship between (j) ΔGO* vs. ΔGOH* and (k) ΔGOOH* vs. ΔGOH* for different surfaces.

Fig. 3j-k depicts the scaling relationship of ΔGO* vs. ΔGOH* and ΔGOOH* vs. ΔGOH*. As seen in Fig. 3j, Gibbs free energy of adsorbed O* and OOH* follows a linear relationship, which is ΔGO* = 0.86ΔGOH* + 1.27 eV, and Gibbs free energy of adsorbed OH* and OOH* follows a strong linear relationship, which is ΔGOOH* = 0.65ΔGOH* + 3.34 eV (Fig. 3k), as represented by the black dashed line.
The full OER reaction Gibbs free energy of eqn. (9) (supporting information) may be stated as follows based on the scaling relation:
ΔG1 = ΔGOH*                                                              (1)
ΔG2 = ΔGO* – ΔGOH*                                                     (2)
ΔG3 = (0.65ΔGOH* + 3.34) – ΔG1- ΔG2                                  (3)
ΔG4 = 4.92 – (ΔG1 + ΔG2 + ΔG3)                                      (4)
Only two independent descriptors were observed in eqn. (1)-(4): ΔGOH* and ΔGO* – ΔGOH*. These two descriptors were used to clearly identify the overall OER performance for a certain electrocatalyst. A two-dimensional volcano plot 41, 50-53 based on the two independent descriptors (ΔGOH* and ΔGO* - ΔGOH*) was used to display the limiting overpotentials as shown in Fig. 4. The contour map divides into four zones based on the difference of Gibbs free energy (white dashed lines). Most of the data points are in third zone, which indicated that the potential determining step45-47 (pds) of OER reaction on most surfaces is the O*→OOH* step. The golden area of the plot displays a region of greater OER performance than the purple area, optimal catalytic activities converge at the end point of the white dashed line under the condition of ΔG1 = ΔG2 = ΔG3. This contour map predicts of potential determining steps for all models are in good accord with the Gibbs free energy results in Fig. 3a.
[image: ]
Fig. 4 Contour plot of OER activity for the defective and disordered surfaces
To explore in more depth the impact of defects and disorder on the OER process, the electronic structure for some of the selected surfaces was calculated. Four surfaces (P-Al1-1, P-Al2-1, P-Al3-2 and P-Al4-1) were selected, and their total densities of states (TDOS) and partial density of states (PDOS) were determined (Fig. S12). These surfaces correspond to the lowest ηOER at pristine surfaces. It can be seen from the analysis of DOS diagram that the PDOS of Ni and PDOS of O play a major role in the construction of electronic structure of pristine surfaces. To find a suitable electronic structure descriptor to further explain the OER energy barrier change pattern, we first calculated the d-band center of Ni atoms. As shown in Fig. S13, disorder influences the d-band centers of Ni atoms on the pristine surfaces. However, the regularity of the d-band center of Ni atoms did not correspond well with the ηOER of pristine surfaces. We calculated the p-band center of O atoms, and the results were shown in Fig. 5a. The calculated results suggest that the ηOER is consistent with the p-band center of O atoms on pristine surfaces, ie., the farther the p-band center of O atoms lies away from the Fermi level, the higher the corresponding overpotential of OER reaction. The decline of O p-band center is unfavorable to the adsorption of intermediate species. 
In addition, we also calculated the DOS of the O defects surface (Fig. S14) and the corresponding d-band centers of Ni atoms (Fig. S15). The analysis of DOS diagram reveals that the PDOS of Ni and PDOS of O are crucial in the development of the electronic structure of O defect surfaces. As shown in Fig. S15, the d-band center of Ni atoms on the O defect surfaces is consistent with the OER energy barrier, that is, the lowering of the d-band center raises the energy barrier for the OER reaction, which is different from the pristine surface. The trend observed for the p-band center (Fig. 5b) is consistent with that observed for the d-band center, ie., the distance between these band centers and the Fermi level hinders the OER reaction. Thus, the d-band center and the p-band center can be used as descriptors of the O defect surfaces.
The electronic structure calculations were also performed for Ni defective and Al defective surfaces. The PDOS of Ni and PDOS of O play a major role in the construction of electronic structure of pristine surfaces (Fig. S16 for Ni defective surfaces and Fig. S18 for Al defective surfaces) and the regularity of the d-band center of Ni is not consistent with the OER reaction energy barrier (Fig. S17 for Ni defective surfaces and Fig. S19 for Al defective surfaces). The charge transfer energy54, 55 was also calculated to further investigate the relationship between electronic structure and catalytic performance, detailed description was shown in Fig. S20. However, as shown in Fig. 5c and d, the calculated results suggest that the ηOER is consistent with the p-band center of O atoms on Ni defect surfaces while consistency is not exhibited on the Al defect surface.
 In summary, both the defects and disorder joint influence the OER reaction, this originates from affecting the O p-band center. It is conceivable that the aggregation of Al influences the electronegativity of the nearby O active site since Al is more electronegative, which influences the electronic density and further influences the p-band centers. The p-band center of oxygen can be modulated in future designs for LDHs materials to improve OER performance.
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Fig. 5 The ηOER and the p-band center of O atoms of the (a) pristine surfaces; (b) O defect surfaces; (c) Ni defect surfaces and (d) Al defect surfaces. The selected disordered surface corresponds to the surface with the lowest ηOER under the corresponding degree of disorder. 

Conclusion
In summary, a series of Ni2Al-LDH electrocatalyst models were constructed in the present work, and their OER performance was systematically calculated via DFT calculations to investigate the influence caused by the defects and disorder. The surface energy indicates that disorder can coexist with oxygen/metal defects to ensure the stability of the material. The cation disorder affects the accumulation of charge on the surrounding O active sites, which affects the adsorption of the first intermediate OH in the OER process, therefore affects the entire OER process. Moreover, even if defects play a dominant role in the promotion of OER process, disorder can also promote the occurrence of OER reaction. Electronic structure calculations show that the presence of defects and disorder significantly affects the p-band centers of O atoms on the matrix, which is responsible for the increased OER activity. Our results not only pave a new way for revealing the interaction between defects and disorder but can also be extended as theoretical guidelines to develop other LDHs materials with superior electrocatalytic performance.

Supporting Information Statement: The details of computational method and model construction are given, along with illustrations of the reaction surfaces models, reaction free energies, and electronic structures.
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