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[bookmark: _Hlk138892159][bookmark: _Hlk138894682]Abstract 
[bookmark: OLE_LINK116][bookmark: OLE_LINK98][bookmark: OLE_LINK100][bookmark: OLE_LINK66][bookmark: OLE_LINK4]Dual-atom catalytic sites on conductive substrates offer a promising opportunity for accelerating the kinetics of multistep hydrogen and oxygen evolution reactions (HER and OER, respectively). Using MXenes as substrates is a promising strategy for depositing those dual-atom electrocatalysts, if the efficient surface anchoring strategy ensuring metal-substrate interactions and sufficient mass loading is established. We introduce a surface-modification strategy of MXene substrates by pre-adsorbing L-tryptophan molecules, which enabled attachment of dual-atom Co/ Ni electrocatalyst at the surface of Ti3C2Tx by forming N-Co/Ni-O bonds, with mass loading reaching as high as 5.6 wt%. The electron delocalization resulting from terminated O atoms on MXene substrates, N atoms in L-tryptophan anchoring moieties, and catalytic metal atoms Co and Ni provides an optimal adsorption strength of intermediates and boosts the HER and OER kinetics, thereby notably promoting the intrinsic activity of the electrocatalyst. CoNi-Ti3C2Tx electrocatalyst displayed HER and OER overpotentials of 31 and 241 mV at 10 mA cm-2, respectively. Importantly, the CoNi-Ti3C2Tx electrocatalyst also exhibited high operational stability for both OER and HER over 100 h at an industrially relevant current density of 500 mA cm-2. Our study provided guidance for constructing dual-atom active metal sites on MXene substrates to synergistically enhance the electrochemical efficiency and stability of the energy conversion and storage systems. 
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Introduction
[bookmark: OLE_LINK68][bookmark: _Hlk139395712][bookmark: _Hlk142231760][bookmark: OLE_LINK19][bookmark: OLE_LINK13][bookmark: OLE_LINK73][bookmark: OLE_LINK91]Benefitting from optimal atom utilization and site exposure, single-atom catalysts have gained considerable attention in the fields of electrochemical energy storage and conversion systems, such as overall water splitting, fuel cells, and metal-air batteries.1-5 The rational design of transition metal based single-atom catalysts can render them comparable to noble metal catalysts in terms of outstanding catalytic activity and stability, but at the cost of only about 0.1~0.5 % of the latter.6-9 However, single-atom catalysts usually display high intrinsic catalytic activity towards one-step catalytic processes, while most electrocatalytic processes involve multiple steps such as adsorption, transfer, and desorption of active molecules and electrons. For instance, the oxygen evolution reaction (OER) involves adsorption and desorption of *O, *OO, and *OOH, and multi-electron transfer.10-13 Thus, it could be difficult to accelerate the multistep reactions simultaneously using one catalytic site of single-atom catalysts.14, 15 
[bookmark: _Hlk139393874][bookmark: _Hlk142236480][bookmark: OLE_LINK65]Comparing to single-atom catalysts, dual-atom catalysts can provide more flexible configurations for different reaction intermediates, and synergistic effects between two different catalytic sites may accelerate the multi-intermediate reaction kinetics.16-18 To construct dual-atom electrocatalysts, the substrates play a critical role in stabilizing the metal atoms and modulating their electronic structure.19, 20 The metal-support interactions (MSI) would cause electron orbital hybridization and enable charge transfer between the metal atoms and substrates, thus influencing both the catalytic activity and stability of electrocatalysts.21, 22 For example, Han et al. proposed an efficient strategy for utilizing the low electron-density region of the substrate to effectively trap and confine high electron-density metal atoms, which show excellent HER and OER electrocatalytic performance.23 In general, several kinds of functional carbon materials (such as graphene and carbon nanotubes) and transition metal oxides were employed as substrates for anchoring dual-metal atoms.24-26 However, their low corrosion resistance in alkaline electrolytes and insufficient conductivity limited their overall catalytic performances. Therefore, exploring more suitable substrates and rationally manipulating the local environment and electronic structure of active sites to construct efficient dual-atom electrocatalysts is an urgent task. 
[bookmark: OLE_LINK94][bookmark: OLE_LINK3][bookmark: OLE_LINK2][bookmark: OLE_LINK93][bookmark: OLE_LINK95][bookmark: _Hlk142144402]MXenes are “metal-carbon-metal” sandwich-like structures that display superior electronic conductivity, high specific surface area, and hydrophilic properties, and thus can be considered as ideal substrates for constructing atomic-level electrocatalysts.27-29 Moreover, compared to carbon-based substrates, the electronic structure of the active sites on MXene substrates can be potentially regulated in a wider range by both terminal functional groups and transition metals (such as Ti in Ti3C2Tx).30 However, due to the unsaturated electronic structure and high surface energy, single metal atoms prefer to adsorb at the phase boundaries and defects rather than on planar facets.31, 32 As typical two-dimensional (2D) substrates, MXenes possess rich planar facets and cannot afford enough boundary defects,33, 34 and this may be the reason why the reported mass loadings of transition metal heteroatoms on MXene substrates were low, generally less than 3 wt%.35-37 Although some strategies such as wet-chemistry impregnation, self-reduction strategy, and electrochemical deposition have been suggested to mitigate this issue, the mass loading of heteroatoms on MXene substrates still requires improvement. In this sense, the OER and HER activity and stability of MXenes-based atomic level electrocatalysts are still far from satisfactory. 5, 38-40
[bookmark: OLE_LINK75][bookmark: _Hlk150811679][bookmark: OLE_LINK109][bookmark: OLE_LINK5]To address these issues, we developed a surface modification strategy to construct a dual-atom electrocatalyst with an MXene substrate, namely CoNi-Ti3C2Tx. Comparing to other MXenes such as Nb2CTx and Mo1.33CTx, Ti3C2Tx possesses superior electronic conductivity, large specific surface area, and high stability in alkaline electrolyte, which makes it suitable for being utilized as a substrate for constructing single atom electrocatalysts. L-tryptophan, as an efficient surface modifier, was attached to the terminated O of the Ti3C2Tx MXene, and thus metal atoms Co and Ni were stabilized through metal-O/metal-N bonds with Ti3C2Tx and L-tryptophan. The CoNi-Ti3C2Tx electrocatalyst displayed remarkably low HER and OER overpotentials of 31 and 241 mV at 10 mA cm-2, respectively. Moreover, the CoNi-Ti3C2Tx electrocatalyst exhibited excellent OER catalytic activity at an industrial current density of 500 mA cm-2, with degradation of only 5% for more than 100 h continuous operation. Density functional theory (DFT) calculations suggest that the d-band center in the CoNi-Ti3C2Tx composite is regulated by the Co and Ni atoms, which optimized the adsorption of *O and H and ultimately lowered the energy barriers of OER and HER. 
Results and Discussion 
[bookmark: OLE_LINK83][bookmark: OLE_LINK76]We firstly fabricated Ti3C2Tx MXene as a substrate for subsequent loading of Co and Ni atoms. As illustrated in Figure S1, Ti3C2Tx nanosheets (see Figure S2 for their scanning electron microscopy (SEM) image were prepared by selective etching of Ti3AlC2 in an acidic solution (LiF-HCl).41 Then, L-tryptophan molecules were attached at the surface of Ti3C2Tx (Figure 1a), resulting in what we will call Try-Ti3C2Tx further one. We expect that the Ti–O–C linkage should be formed between the carboxylic group in L-tryptophan and the terminal −OH sites in Ti3C2Tx via a nucleophilic substitution and dehydration reaction, as shown in Figure 1a and Figure S3. As the final step, to fabricate CoNi-Ti3C2Tx dual-atom electrocatalysts, CoCl2 and NiCl2 aqueous solutions were mixed and frozen, and the resulting ice cubes were added to aqueous Try-Ti3C2Tx solution, which was exposed to UV light and kept at 0°C for 2 h (see Experimental Section in SI for details). Through this approach, which was based on our and other previous related studies,39, 42, 43 Co2+ and Ni2+ ions were chelated and deposited on the Try-Ti3C2Tx substrates in the form of dispersed single atoms (as will be demonstrated below), resulting in the formation of dual-atom CoNi-Ti3C2Tx composites. Using a similar approach but either CoCl2 or NiCl2 aqueous solutions, single-atom Co-Ti3C2Tx and Ni-Ti3C2Tx electrocatalysts were produced for comparative studies.
[bookmark: _Hlk150889393]To analyze the actual coordination structure between L-tryptophan ligands and Ti3C2Tx, a series of spectroscopy and imaging techniques have been applied. The X-ray diffraction (XRD) peaks for Ti3C2Tx evolved from its precursor Ti3AlC2 phase (PDF# 52-0875) as shown in Figure 1b, which is consistent with previous reports.44 After the etching process, the characteristic XRD peaks of Ti3AlC2 in the range of 32° - 45° disappeared, and the (002) peak of Ti3C2Tx shifted towards small angles owing to the extraction of Al layers from Ti3AlC2. Moreover, the (002) peak in Try-Ti3C2Tx further shifted to smaller angles, which can be due to the intercalation of L-tryptophan between the layers of Ti3C2Tx. SEM and transmission electron microscope (TEM) images shown in Figure 1c-d confirm that the nanosheet morphology was preserved in Try-Ti3C2Tx after surface modification with L-tryptophan molecules. The selected area electron diffraction (SAED) pattern shown in the inset of Figure 1d indicates that the Ti3C2Tx nanosheets were single crystalline, and the elemental mapping images acquired in TEM (Figure 1e) show that the constituting elements of Ti, O, C, and N were evenly distributed over Try-Ti3C2Tx. Compared to Ti3C2Tx, the additional element N has appeared, attributed to the existence of L-tryptophan at the surface of Try-Ti3C2Tx. 
[bookmark: OLE_LINK67][bookmark: OLE_LINK8][bookmark: OLE_LINK97][bookmark: OLE_LINK6][bookmark: OLE_LINK80][bookmark: OLE_LINK110][bookmark: OLE_LINK56][bookmark: OLE_LINK106][bookmark: OLE_LINK103][bookmark: OLE_LINK77][bookmark: OLE_LINK50][bookmark: OLE_LINK108][bookmark: OLE_LINK10][bookmark: OLE_LINK43][bookmark: OLE_LINK21]Raman spectroscopy is an effective technique to detect variations of chemical functional groups at the surface of catalysts.45, 46 As shown in Figure 1f, the changes of Raman signals in the region 230 - 470 cm–1 represent in-plane (Eg) vibrations of surface functional groups caused by surface modification of L-tryptophan on MXenes.46 Bands at 250 and 418 cm−1 in the Ti3C2Tx can be ascribed to the H atoms vibrations and in-plane O-atoms (Eg symmetry) vibrations of OH-terminated MXene, respectively.47-49 In Try-Ti3C2Tx, the former band belonging to H atoms vibrations strongly decreased, while the latter band shifted to 401 cm-1, indicating that the chemical reaction occurred between L-tryptophan and the −OH functional groups in Ti3C2Tx MXene. To verify that the covalent bonding occurred indeed, Fourier transform infrared (FTIR) spectra were recorded for Ti3C2Tx, Try-Ti3C2Tx and L-tryptophan, which are presented in Figure 1g and Figure S4. The peaks of C-O at 1228 cm−1 in L-tryptophan shifted to 1224 cm−1 after bonding with −OH functional groups of Ti3C2Tx. 50-52 The deformation vibration of the Ti-O bond at 669 cm-1 in Ti3C2Tx shifted to 664 cm-1 in Try-Ti3C2Tx, demonstrating that L-tryptophan molecules were covalently immobilized on Ti3C2Tx though the surface terminated oxygen.53, 54 X-ray photoelectron spectroscopy (XPS) has been performed to determine the bonding structure in Try-Ti3C2Tx and Ti3C2Tx. High-resolution N 1s, C 1s and Ti 2p XPS spectra of Ti3C2Tx and Try-Ti3C2Tx are shown in Figure S5. N element was present in Try-Ti3C2Tx belonging to tryptophan molecules in its amino group or indole unit in Figure S5a. The C 1s spectrum of Ti3C2Tx in Figure S5b has four peaks which were assigned to C–C, C-Ti, C-O, and O-C=O bonds, respectively, while additional peak belonging to C-O-Ti appeared in the C 1s spectrum in Try-Ti3C2Tx, which was also reported in recent studies of functionalized Ti3C2Tx.55 In addition, signals from Ti-C, Ti-O, and TiO2 were present in the Ti 2p spectrum of both Ti3C2Tx and Try-Ti3C2Tx at the same binding energies, as shown in Figure S5c. Two additional peaks were found in the fitted spectra of Try-Ti3C2Tx at 463.3 eV (ascribed to Ti–O–C 2p1/2) and 456.7 eV (ascribed to Ti–O–C 2p3/2), which is consistent with the existence of C-O-Ti bond found in C1s spectrum.56 Based on these observations, which are also supported by previously reported data,55, 56 we conclude that L-tryptophan molecules were indeed attached at the surface of Ti3C2Tx MXene through the covalent Ti-O-C bonding, as illustrated in Figure 1a and S3.
[bookmark: _Hlk150890063]We carried out DFT calculations to further elucidate the adsorption energy of metal atoms (Co and Ni) on Ti3C2Tx and Try-Ti3C2Tx, respectively (Figure 1h). It was found that all the adsorption energies are negative, suggesting that these substrates could adsorb metal atoms. Moreover, the adsorption of these two metal atoms on Try-Ti3C2Tx was much higher than on Ti3C2Tx, demonstrating that L-tryptophan surface modification is indeed an effective method to increase their mass loading. It is worth mentioning that according to DFT data, the adsorption energy reached the highest value when a pair of Co and Ni atoms were simultaneously anchored on the MXene surface (Figure 1h). These results suggest that the dual-atom Co/Ni electrocatalysts should possess superior thermodynamic stability, which is favorable for increasing the mass loading of metal atoms to effectively improve its catalytic activity in HER and OER.
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[bookmark: OLE_LINK36][bookmark: OLE_LINK70][bookmark: OLE_LINK92][bookmark: OLE_LINK14][bookmark: _Hlk142593689][bookmark: OLE_LINK46][bookmark: OLE_LINK17][bookmark: OLE_LINK96]Figure 1. a) Schematic illustration of anchoring L-tryptophan at the surface of Ti3C2Tx MXene, followed by fabrication of dual-atom CoNi-Ti3C2Tx composites. b) XRD patterns of Ti3AlC2, Ti3C2Tx, and Try-Ti3C2Tx; PDF card #52-0875 of Ti3AlC2. c) SEM image of Try-Ti3C2Tx. d) TEM image of Try-Ti3C2Tx with the corresponding SAED pattern shown in the inset. e) Elemental mapping of Ti, O, C, and N on the corner piece of Try-Ti3C2Tx composite, whose TEM image is shown on the left. f) Raman spectra of Try-Ti3C2Tx and Ti3C2Tx, both excited at 532 nm. g) FTIR spectra of Try-Ti3C2Tx and Ti3C2Tx, with an enlarged selected region of N-H bonds shown in the inset. h) Adsorption energy of Co, Ni, and Co/Ni atoms on Try-Ti3C2Tx and Ti3C2Tx, estimated from DFT calculations.  
[bookmark: OLE_LINK90][bookmark: OLE_LINK41][bookmark: OLE_LINK37][bookmark: OLE_LINK59][bookmark: OLE_LINK64][bookmark: OLE_LINK9][bookmark: _Hlk150888915]Aberration-corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images were collected for CoNi-Ti3C2Tx, Ni-Ti3C2Tx, and Co-Ti3C2Tx composites. Compared with the HAADF-STEM image of Try-Ti3C2Tx (Figure S6), bright well-dispersed spots in Figure 2a-c were combined with the elemental mapping images (Figure 2d, Figures S7 and S8) to prove the successful synthesis of atomic CoNi-Ti3C2Tx, Ni-Ti3C2Tx, and Co-Ti3C2Tx electrocatalysts. Besides well-separated mono-atomic metal sites marked by yellow circles in Figure 2a-c, some dual-atomic arrangements were observed as well, as highlighted by red rectangles in Figure 2a. As illustrated by the intensity profiles of three such atomic pairs (Figure S9), some Co-Ni atomic pairs may indeed be present in CoNi-Ti3C2Tx composites, with an average inter-atomic distance of ~0.37 nm. A relatively small proportion of such Co-Ni atomic pairs observed on HAADF-STEM images may be due to the low concentration of the precursors. Still, their coupling may increase the distribution of d-electrons at the energy levels near the Fermi level and offer active adsorption sites for HER/OER intermediates.57 As shown in Figure 2e, X-ray diffraction (XRD) patterns show that the diffraction peaks of CoNi-Ti3C2Tx, Ni-Ti3C2Tx, and Co-Ti3C2Tx composites experience no obvious change as compared with that of Try-Ti3C2Tx, and no crystalline Co and/or Ni phases were detected, further confirming the atomically dispersed state of Co and/or Ni in these samples. From the inductively coupled plasma optical emission spectrometry (ICP-OES) data, the mass loadings of metal atoms are around 5.2-5.6 wt% in CoNi-Ti3C2Tx, Ni-Ti3C2Tx, and Co-Ti3C2Tx, respectively, as summarized in Table S1. The metal loading in CoNi-Ti3C2Tx (5.6 wt%) was much higher than the previously reported results (less than 3 wt%) as summarized in Table S2, which demonstrates that the surface modification of Ti3C2Tx indeed provided more sites for effectively anchoring the metal atoms. We propose that the Lewis-basic sites (N) in L-tryptophan amino group can chelate with the metal atoms (Co and Ni), forming metal-nitrogen bonds at the surface of MXene (Figure S10), thus providing anchoring sites to increase the mass loading of Co and Ni. 
[bookmark: _Hlk156940849][bookmark: OLE_LINK11][image: ]Figure 2. HAADF-STEM images of a) CoNi-Ti3C2Tx, b) Co-Ti3C2Tx, and c) Ni-Ti3C2Tx composites, where bright spots corresponding to single metal atoms are marked by yellow circles, and possible Co-Ni atomic pairs are highlighted by red rectangles. d) Elemental mapping images of Ti, C, Ni and Co elements in the CoNi-Ti3C2Tx composites, obtained by EDX analysis. e) XRD patterns of CoNi-Ti3C2Tx, Ni-Ti3C2Tx and Co-Ti3C2Tx composites; PDF card #15-0806 of metallic Co and PDF card #04-0850 of metallic Ni are shown at the bottom. f) High-resolution XPS spectra of Co 2p in the CoNi-Ti3C2Tx and Co-Ti3C2Tx composites, and g) of Ni 2p in the CoNi-Ti3C2Tx and Ni-Ti3C2Tx composites.
[bookmark: OLE_LINK84][bookmark: OLE_LINK12][bookmark: OLE_LINK57]XPS, FTIR, and Raman spectra were collected to analyze the local coordination structure of CoNi-Ti3C2Tx. Co 2p XPS spectrum of CoNi-Ti3C2Tx (Figure 2f) showed Co-O and Co-N peaks at 781.1eV and 783.0 eV, respectively. Ni 2p XPS spectrum of CoNi-Ti3C2Tx (Figure 2g) could be deconvoluted into two peaks corresponding to Ni-O (856.0 eV), Ni-N (854.3 eV), validating that Ni atoms are indeed chelated by N atoms from tryptophan molecules. All the Co 2p3/2 and Ni 2p3/2 peaks showed that Ni and Co in the three composites were reduced to a higher valence after anchoring on the Try-Ti3C2Tx compared with Ni0 and Co0, confirming the occurrence of electron transfer from Ni and Co atoms to substrates. The intensity of the Ni-O and Co-O peaks was higher than that of the Ni-N/Co-N peak for both samples (Figure 2f and 2g), which indicates that some of the Ni and Co atoms were directly bonded to surface-terminating oxygen atoms at the Ti3C2Tx surface (Figure S11). C 1s, O 1s and Ti 2p XPS spectra collected for CoNi-Ti3C2Tx, Ni-Ti3C2Tx and Co-Ti3C2Tx composites were similar to that of Try-Ti3C2Tx, as illustrated in Figure S12 and S13. Metal-N bonds are especially sensitive at the frequencies below 450 cm-1 in FTIR spectra, and hence, we measured FTIR spectra of CoNi-Ti3C2Tx, Ni-Ti3C2Tx and Co-Ti3C2Tx in the range of 900 to 400 cm-1 to determine the bonding structure of metal atoms, as shown in Figure S14. The presence of metal-nitrogen vibrations (Co-N and Ni-N) confirms that the N atoms of L-tryptophan were indeed coordinated with those metal atoms.58, 59 Raman spectra of Co-Ti3C2Tx, Ni-Ti3C2Tx and CoNi-Ti3C2Tx composites shown in Figure S15 confirm the existence of Co-N (at 273 cm−1) and Ni-N (at 254 cm−1) bonds.60, 61 In summary, the bond structure observed has confirmed that the L-tryptophan molecules affect the electronic structure of anchored metal atoms Co and Ni, and thus contribute to their electrocatalytic activity and stability.
[bookmark: OLE_LINK31][bookmark: _Hlk156937993][bookmark: OLE_LINK61][bookmark: OLE_LINK55][bookmark: OLE_LINK20][bookmark: OLE_LINK29][bookmark: OLE_LINK45][bookmark: OLE_LINK53][bookmark: OLE_LINK18][bookmark: OLE_LINK81][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK27][bookmark: OLE_LINK62][bookmark: OLE_LINK60][bookmark: OLE_LINK88][bookmark: OLE_LINK54][bookmark: OLE_LINK58][bookmark: OLE_LINK32][bookmark: OLE_LINK28]To precisely evaluate the electronic state and the local surrounding of metal atoms in the produced composites, we performed extended X-ray absorption fine structure (EXAFS) measurements on Co-Ti3C2Tx, Ni-Ti3C2Tx and CoNi-Ti3C2Tx composites (Figure 3a-b). Co foil, CoO and Co3O4 were used as Co K-edge references, while Ni foil, NiO and Ni2O3 were used as Ni K-edge references for calculating the valence state of Co and Ni atoms in the composites (Figure 3c-d, the detailed calculation method is presented in Experimental Methods). As shown in Figure 3a and 3c, the Co K-edge spectra in CoNi-Ti3C2Tx and Co-Ti3C2Tx experienced an obvious positive shift as compared with that of Co in CoO; from the magnitude of those shifts we derived that Co atoms in CoNi-Ti3C2Tx and Co-Ti3C2Tx are in valence states of 2.41 and 2.16, respectively. In contrast, the Ni K-edge spectra in CoNi-Ti3C2Tx and Ni-Ti3C2Tx experienced a slightly negative shift as compared with that of Ni in NiO (Figure 3b and 3d). We deduce the average valence states of Ni in CoNi-Ti3C2Tx and Ni-Ti3C2Tx to be 1.78 and 1.66, respectively. This oxidation state of Co and Ni is consistent with the XPS data presented in Figure 2f and 2g. The electron structure of CoNi-Ti3C2Tx regulated by elevated electron transfer could greatly facilitate the d-band center and further regulate the adsorption of the intermediate, and thus promote the overall catalytic process.62 In order to analyze the coordination structure of Co and Ni atoms in Co-Ti3C2Tx, Ni-Ti3C2Tx and CoNi-Ti3C2Tx composites, the least-squares EXAFS fitting was performed, with the fitted curves and related parameters shown in Figure 3e, 3f and Tables S3 and S4. As compared with Co-O and Co-Co peaks in the reference samples (Figure S16), the Fourier transform (FT) curves of k3-weighted Co K-edge EXAFS (Figure 3e) could be deconvoluted into two peaks corresponding to Co-O (1.47 Å) and Co-N (1.51 Å) in the first coordination shell in CoNi-Ti3C2Tx. FT curves of k3-weighted Ni K-edge EXAFS in CoNi-Ti3C2Tx showed the typical Ni–O (1.62 Å) and Ni-N (1.45 Å) coordination environment in the first coordination shell (Figure 3f). These results reveal that the coordination number of the central Co and Ni metal atom is close to 3 (Tables S3 and S4). The presence of Co-O/N and Ni-O/N bonds suggests that the Co and Ni atoms in CoNi-Ti3C2Tx are coordinated with N from L-tryptophan molecules and two terminated O, as shown in Figure S10. For the adjacent Co-Ni atomic pairs (Figure 2a), in terms of the distance between them (~0.37 nm, see Figure S9) and the coordination environment, they may interact indirectly through a shared O bridge.63 As already discussed above, L-tryptophan can chelate with metal atoms (Co and Ni) at the surface, thus providing more anchoring sites to increase the mass loading of Co and Ni. To further substantiate this interpretation, we performed Morlet wavelet transform (MWT) analysis for Co and Ni based on the k3-weighted EXAFS. MWT images of Co foil, CoO and Co3O4, as well as Ni foil, NiO and Ni2O3 are provided as references in Figure S17 and S18 respectively. As shown in Figure 3g, one maximum is observed in MWT images of Co in CoNi-Ti3C2Tx and Co-Ti3C2Tx, corresponding to the first coordination shells of O and N. On the other hand, MWT images of Ni in CoNi-Ti3C2Tx and Ni-Ti3C2Tx have two maxima, demonstrating that Ni atoms have a second shell structure indicative of a more stable structure as compared with Co atoms. Overall, these results suggest that the Co and Ni atoms are coordinated with terminated O and N from Try-Ti3C2Tx, and point out that Try-Ti3C2Tx can regulate the electronic structure of active sites in electrocatalysts. 
[image: ]
[bookmark: OLE_LINK15]Figure 3. a) EXAFS spectra of Co K-edge for CoNi-Ti3C2Tx and Co-Ti3C2Tx composites, with reference spectra of Co foil, CoO and Co3O4 included for comparison. b) EXAFS spectra of Ni K-edge for CoNi-Ti3C2Tx and Ni-Ti3C2Tx composites, with reference spectra of Ni foil, NiO and Ni2O3 included for comparison. Valence states of c) Co and d) Ni determined from the edge energy by averaging the linear rising edge of EXAFS spectra, as described in the Experimental Methods. e) FT fitting curves of CoNi-Ti3C2Tx and Co-Ti3C2Tx at the k3-weighted Co K-edge EXAFS. f) FT fitting curves of CoNi-Ti3C2Tx and Ni-Ti3C2Tx at k3-weighted Ni K-edge EXAFS. g) MWT images of the Co and Ni K-edge EXAFS for CoNi-Ti3C2Tx, Co-Ti3C2Tx, and Ni-Ti3C2Tx. 
[bookmark: OLE_LINK86][bookmark: OLE_LINK114][bookmark: _Hlk98573061][bookmark: OLE_LINK16][bookmark: OLE_LINK33][bookmark: OLE_LINK23][bookmark: OLE_LINK22][bookmark: OLE_LINK30][bookmark: _Hlk150889811][bookmark: _Hlk150948578][bookmark: _Hlk112884716][bookmark: _Hlk112940745][bookmark: OLE_LINK40][bookmark: OLE_LINK26][bookmark: OLE_LINK38][bookmark: OLE_LINK72]OER performance of CoNi-Ti3C2Tx, Ni-Ti3C2Tx and Co-Ti3C2Tx electrodes was evaluated in an N2-saturated 1.0 M KOH electrolyte using a standard three-electrode system. As can be seen from the OER linear sweep voltammetry (LSV) curves presented in Figure 4a, CoNi-Ti3C2Tx electrode displayed an OER overpotential of 241 mV at a current density of 10 mA cm-2, which was 57 mV, 91 mV, and 134 mV smaller than that of Ni-Ti3C2Tx, (298 mV), commercial RuO2 (332 mV) and Co-Ti3C2Tx (375 mV) electrodes, respectively. The corresponding Tafel slope (Figure 4b) of CoNi-Ti3C2Tx (79.8 mV dec-1) was also smaller than that of Ni-Ti3C2Tx (95.8 mV dec-1) and Co-Ti3C2Tx (112.6 mV dec-1), indicating more rapid OER catalytic kinetics of dual-atom CoNi-Ti3C2Tx electrocatalyst as compared to single atom Ni-Ti3C2Tx and Co-Ti3C2Tx ones in alkaline electrolyte. Compared with CoNi-Ti3C2Tx with different Co/Ni ratios (1:2 and 2:1), CoNi-Ti3C2Tx with the Co/Ni ratio of 1:1 displayed a smaller OER overpotential (Figure S19). Electrochemical impedance spectroscopy (EIS) was conducted to evaluate the charge transfer resistance of the three electrodes. The Nyquist plots and the equivalent circuit are presented in Figure 4c and Table S5; CoNi-Ti3C2Tx showed the smallest charge transfer resistance (Rct = 14.61 Ω) as compared to Ni-Ti3C2Tx (40.54 Ω) and Co-Ti3C2Tx (49.66 Ω). These results confirmed the efficient charge transfer kinetics for CoNi-Ti3C2Tx during the OER process. In addition, electrochemically active surface areas (ECSA) of the three electrocatalysts were evaluated based on the electrochemical double-layer capacitance (Cdl) recorded in the non-Faradaic region at different scan rates in 1.0 M KOH (Figure 4d and Figure S20). The Cdl value for CoNi-Ti3C2Tx was 119.7 mF cm-2, much larger than that of Ni-Ti3C2Tx (53.6 mF cm-2) and Co-Ti3C2Tx (40.2 mF cm-2); this suggests that more active sites in CoNi-Ti3C2Tx were exposed and being utilized in the OER process. The operational durability of electrocatalysts is an extremely important factor to assess their practical application in real devices. The OER catalytic stability of the three electrodes was evaluated at the commonly used laboratory current density of 10 mA cm-2, and at the industrial current density of 500 mA cm-2, by testing the chronopotentiometry curves, as shown in Figure 4e and Figure S21. Degradation of CoNi-Ti3C2Tx at 10 mA cm-2 and 500 mA cm-2 was only 1% and 5.1%, respectively, even after 100 h (Figure 4e), verifying its outstanding durability in catalyzing the OER process. 
[bookmark: OLE_LINK87][bookmark: OLE_LINK39][bookmark: _Hlk150814067][bookmark: _Hlk150605248]HER performance of CoNi-Ti3C2Tx, Ni-Ti3C2Tx, and Co-Ti3C2Tx electrodes was also evaluated in an N2-saturated 1.0 M KOH electrolyte using a standard three-electrode system. As can be seen from the HER LSV curves in Figure 4f, CoNi-Ti3C2Tx showed an HER overpotential of 31 mV at 10 mA cm-2, which was 57 mV and 145 mV smaller than that of Ni-Ti3C2Tx (88 mV) and Co-Ti3C2Tx (176 mV) electrodes, respectively, and was only 11 mV larger than that of the commercial Pt/C (20 mV). Moreover, CoNi-Ti3C2Tx achieved a large current density of up to 500 mA cm−2 under an extremely low overpotential of 260 mV, which can meet the demand for industrial applications. The Tafel slope (Figure 4g) of CoNi-Ti3C2Tx (33.0 mV dec-1) was much smaller than that of Ni-Ti3C2Tx (64.4 mV dec–1) and Co-Ti3C2Tx (82.9 mV dec–1), indicating its better mass transfer ability in alkaline electrolyte. In addition, the HER stability of the CoNi-Ti3C2Tx electrocatalyst was also analyzed by testing the chronopotentiometry curves at current densities of 10 mA cm−2 and 500 mA cm−2, respectively (Figure 4h and Figure S21b), showing only 0.5% and 6.3% degradation within 100 h, respectively. Figure 4i summarizes the obtained performance characteristics (OER and HER overpotentials at a current density of 10 mA cm−2, and Tafel slopes) of the three electrocatalysts, which follows the trend of CoNi-Ti3C2Tx > Ni-Ti3C2Tx > Co-Ti3C2Tx. Comparing with single atom catalyst where metal atoms directly anchored on the Ti3C2Tx surface (Figure S22), the OER and HER LSV curves of Co-Ti3C2Tx with L-tryptophan display better catalytic performance, especially at a high current density. Tables S6 and S7 compare the OER and HER performance of CoNi-Ti3C2Tx composites to the recently reported MXenes-based electrocatalysts. In conclusion, N atoms of L-tryptophan introduce the Lewis-basic sites and chelate effect into CoNi-Ti3C2Tx system, which regulates the MSI effect and coordination environment, thus enhancing the electrocatalytic performance of the CoNi-Ti3C2Tx.64-66 
[image: ]
[bookmark: _Hlk149943161][bookmark: OLE_LINK34][bookmark: OLE_LINK47]Figure 4. a) OER LSV curves of CoNi-Ti3C2Tx, Ni-Ti3C2Tx, Co-Ti3C2Tx and RuO2 electrodes at 5 mV s−1. b) Tafel slopes of CoNi-Ti3C2Tx, Ni-Ti3C2Tx, Co-Ti3C2Tx electrodes. c) EIS Nyquist plots of CoNi-Ti3C2Tx, Ni-Ti3C2Tx, Co-Ti3C2Tx electrodes, with the corresponding equivalent circuit shown in the inset. d) Cdl values of CoNi-Ti3C2Tx, Ni-Ti3C2Tx and Co-Ti3C2Tx. e) OER chronopotentiometry response of CoNi-Ti3C2Tx electrodes at current densities of 10 and 500 mA cm−2. f) HER LSV curves of CoNi-Ti3C2Tx, Ni-Ti3C2Tx, Co-Ti3C2Tx and Pt/C electrodes at 5 mV s−1. g) Tafel slopes of CoNi-Ti3C2Tx, Ni-Ti3C2Tx, Co-Ti3C2Tx electrodes. h) HER chronopotentiometry response of CoNi-Ti3C2Tx electrodes at  current densities of 10 and 500 mA cm−2. i) OER and HER overpotentials at a current density of 10 mA cm−2, and Tafel slopes of the three electrocatalysts. 
[bookmark: _Hlk150889926]In order to unveil the HER and OER catalytic enhancement mechanism of CoNi-Ti3C2Tx, DFT calculations have been performed.67, 68 Four calculation models of CoNi-Ti3C2Tx(Ni), CoNi-Ti3C2Tx(Co), Ni-Ti3C2Tx, Co-Ti3C2Tx with adsorbed oxygen-containing intermediates *O, *OH, and *OOH were established, as illustrated in Figure S23. As shown in Figure 5a, the rate-determining step (RDS) for CoNi-Ti3C2Tx(Ni) is the transfer from *O to *OOH with ∆G value of 1.68 eV, while ∆G values for the RDS of CoNi-Ti3C2Tx(Co), Ni-Ti3C2Tx and Co-Ti3C2Tx are 1.79 eV, 1.85eV and 2.03 eV, respectively. Moreover, Gibbs free energies of the hydrogen adsorption (ΔGH*) for these models were also calculated, as shown in Figure 5b. CoNi-Ti3C2Tx (Ni) exhibited lower absolute value of ΔGH* (-0.05 eV) than that of CoNi-Ti3C2Tx (Co) (0.18 eV), Ni-Ti3C2Tx (-0.21 eV) and Co-Ti3C2Tx (0.47 eV), suggesting the faster formation and release of hydrogen in CoNi-Ti3C2Tx(Ni). 
  As shown in Figure 5c, CoNi-Ti3C2Tx possesses a d-band center at -2.96 eV as indicated by the red arrow, which is an intermediate position as compared to Ni-Ti3C2Tx (-2.96 eV) and Co-Ti3C2Tx (-3.45 eV). This demonstrates a moderate bonding between adsorbates and Co/Ni in CoNi-Ti3C2Tx, which should lead to enhanced activity on both Co and Ni sites. Moreover, CoNi-Ti3C2Tx shows higher occupied states than Ni-Ti3C2Tx and Co-Ti3C2Tx near the Fermi level, which is associated with promoted electron transfer, leading to a higher conductivity of CoNi-Ti3C2Tx. The calculated charge density difference plots for Co-Ti3C2Tx, Ni-Ti3C2Tx, and CoNi-Ti3C2Tx are shown in Figure 5d-f. Co and Ni centers in CoNi-Ti3C2Tx show lower electron density, demonstrating that electrons are transferred from Co/Ni atoms to Try-Ti3C2Tx. To quantitatively evaluate the electron variation in the composites, we further calculated the Bader charges of the three electrocatalysts. Compared with the single atom catalyst (Co-Ti3C2Tx and Ni-Ti3C2Tx), more electrons from Co (0.41 |e|) and Ni (0.08 |e|) would donate to the CoNi-Ti3C2Tx substrate, which suggests that the synergetic interaction between Co and Ni atoms results in a higher degree of an electron transfer. Overall, DFT calculations demonstrate that Ni and Co in CoNi-Ti3C2Tx can synergistically enhance electron modulation between the active sites (Co and Ni) and substrates, leading to lower energy barriers for both OER and HER processes.69, 70
[image: ]
[bookmark: OLE_LINK71][bookmark: OLE_LINK74][bookmark: _Hlk104462138][bookmark: _Hlk104464657]Figure 5. a) Calculated free energy diagrams (at an equilibrium potential of 0 V) showing overall OER pathways of CoNi-Ti3C2Tx, Ni-Ti3C2Tx, and Co-Ti3C2Tx electrocatalysts. b) Calculated Gibbs free energies of hydrogen adsorbed on CoNi-Ti3C2Tx, Ni-Ti3C2Tx, and Co-Ti3C2Tx electrocatalysts. c) Calculated total DOS and PDOS of the Ni d-band, Co d-band and O p-band for CoNi-Ti3C2Tx, Ni-Ti3C2Tx, Co-Ti3C2Tx electrocatalysts; the d-band center is marked by red arrows for each case. The charge density difference and the calculated Bader charges of active sites for d) Co-Ti3C2Tx, e) Ni-Ti3C2Tx, f) CoNi-Ti3C2Tx electrocatalysts. The yellow and cyan colors indicate charge accumulation and depletion, respectively.
[bookmark: _Hlk156939630][bookmark: OLE_LINK78][bookmark: _Hlk150812340]Inspired by its promising HER and OER activity and high stability, CoNi-Ti3C2Tx electrode was employed as both the cathode and anode for overall water splitting (Figure 6a). As shown in Figure 6b, CoNi-Ti3C2Tx required a small voltage of only 1.58 V to reach the current density of 10 mA cm-2, which is smaller than that of the metal RuO2||Pt/C combination (1.59 V). Moreover, CoNi-Ti3C2Tx exhibited higher electrolysis energy efficiency of about 94.8% at 10 mA cm-2 than that of the RuO2||Pt/C electrocatalysts (93.6%) (the detailed calculation method is presented in Experimental Methods in SI). In addition, the chronopotentiometry durability of CoNi-Ti3C2Tx electrolyzer was also tested at a fixed current density of 10 mA cm−2, which displays only 3.1% degradation for working more than 50 h. This result confirmed the remarkable stability of the CoNi-Ti3C2Tx electrocatalyst, much superior to that of the RuO2||Pt/C electrolyzer (Figure 6c). To put forward the practical application of CoNi-Ti3C2Tx composite at high current density, we fabricated membrane-electrode-assembly using CoNi-Ti3C2Tx as both cathode and anode catalysts, and assembled an anion-exchange-membrane water electrolyzer (AEMWE) prototype (inset of Figure 6d). Impressively, the AWMWE of CoNi-Ti3C2Tx achieved industrial current densities of 500 mA cm–2 at a low cell voltage of 1.87 V (Figure 6d). Moreover, the AEMWE testing system (shown in the inset of Figure 6e) based on CoNi-Ti3C2Tx showed good durability for 50 h at a current density of 250 mA cm–2, with a degradation rate of only 1.8 mV h–1 (Figure 6e). Compared with MXene-based electrocatalysts reported recently (Figure 6f and Table S8), CoNi-Ti3C2Tx composite indeed offers great potential as an efficient bifunctional electrocatalyst for large-scale application in overall water splitting. 
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[bookmark: OLE_LINK35][bookmark: OLE_LINK79][bookmark: OLE_LINK52]Figure 6. a) Illustration of the overall water splitting device, where insets are photographs of two CoNi-Ti3C2Tx electrodes that were used for OER and HER. b) LSV curves of the electrolyzers derived from CoNi-Ti3C2Tx (+,-) and RuO2(+)||Pt/C(-) in 1.0 M KOH at a scan rate 5 mV s–1. c) Long-term durability of the CoNi-Ti3C2Tx (+,-) and RuO2(+)||Pt/C(-) electrodes at an initial current density of 10 mA cm-2 in 1.0 M KOH. d) Polarization curves of the AEMWE based on CoNi-Ti3C2Tx (+,-), with an inset presenting the photograph of this device. e) Chronopotentiometry curve of the AEMWE based on CoNi-Ti3C2Tx (+,-) operated at 250 mA cm–2, with an inset presenting the photograph of the AEMWE testing system. f) Cell voltage comparison between the CoNi-Ti3C2Tx (+,-) electrodes and previously reported MXene-based electrolyzers at a current density of 10 mA cm-2. 
Conclusions  
[bookmark: OLE_LINK85][bookmark: OLE_LINK69]Ti3C2Tx MXene has been modified by L-tryptophan molecules as a result of nucleophilic substitution and dehydration reaction, so that dual-metal atoms Co and Ni could be efficiently stabilized on the modified surface by establishing metal-O/metal-N bonds with the Ti3C2Tx MXene substrate and L-tryptophan. Benefiting from the Lewis-basic N site of L-tryptophan, the mass loading of dual-atoms reached 5.6 wt%, which is the highest value among reported MXenes used as substrates. By surface modification with L-tryptophan, we were able to modulate the surface properties and the space between interlayers of MXenes, and thus increase the specific surface area and the adsorption site for metal atoms. Higher valence states of Co and Ni in CoNi-Ti3C2Tx were observed, caused by the electronic modulation between terminate O atoms on MXene substrates, N atoms of L-tryptophan, and metal atoms Co and Ni. The experimental and theoretical results demonstrated that more efficient electron transfer occurs in CoNi-Ti3C2Tx, resulting in the redistribution of the electronic structure of the active sites, which lowers the energy barriers of the rate-determining steps during both OER and HER processes for the CoNi-Ti3C2Tx electrode. As a result, the CoNi-Ti3C2Tx electrodes delivered remarkable OER (241 mV at 10 mA cm-2) and HER (31 mV at 10 mA cm-2) performance. EXAFS and XPS results demonstrated that Ni and Co atoms could redistribute the local charge structure and thus accelerate reaction kinetics for both OER and HER processes. The overall water splitting device with CoNi-Ti3C2Tx as both cathode and anode displayed a low cell voltage of 1.58 V to reach 10 mA cm–2 with a high durability (50 h). Our study provides an effective method for designing dual-atom MXene-based electrocatalysts, and elucidate the enhancement of their catalytic activity.
Methods
[bookmark: OLE_LINK99][bookmark: OLE_LINK113]Synthesis of Try-Ti3C2Tx. To produce Ti3C2Tx MXene, 0.5 g of Ti3AlC2 precursor powder (400 mesh, purchased from Jilin 11 Technology Co.) was slowly added to an etchant solution containing 0.8 g LiF and 10 mL of 9.0 M HCl, and the mixture was stirred for 24 h at 35℃. The acidic mixture was thoroughly washed with distilled water by centrifugation at 8000 rpm until pH value became 5. To functionalize MXene with tryptophan, Ti3C2Tx was dispersed in 200 mL of ethanol at a concentration of ~1 mg/mL, and 20 mg of tryptophan was added; the resulting mixture was stirred for 6 h at 50 ℃ in a sealed glass vial under nitrogen environment. To remove the access of non-reacted amino acid, five cycles of centrifugation (8000 rpm, 5 min) and washing with ethanol were applied. The functionalized Try-Ti3C2Tx samples were dispersed in ethanol at ~ 1 mg/mL concentration for further use.
[bookmark: OLE_LINK112]Synthesis of CoNi-Ti3C2Tx, Ni-Ti3C2Tx, and Co-Ti3C2Tx. To produce CoNi-Ti3C2Tx, CoCl2 and NiCl2 were dissolved in deionized water at a concentration of 0.15 mg/mL each, and 3 mL of this solution was placed into a liquid nitrogen reservoir, to cool it down to the ice. The ice cubes obtained were added into a dispersion of Try- Ti3C2Tx in ethanol (6.0 mL, 1 mg/mL concentration) and irradiated with UV light using a mercury lamp GPH212T5L/4P (254 nm, 10 W) at 0°C for 2 h. The CoNi-Ti3C2Tx composite obtained was separated by centrifugation in deionized water for three times, and dried under vacuum at 45 °C for ~12 h. Co-Ti3C2Tx and Ni-Ti3C2Tx composites were obtained using the same protocol, using 0.3 mg/mL CoCl2 or NiCl2 aqueous solutions at the starting point, respectively.  
[bookmark: OLE_LINK51]Characterization. SEM images were obtained on a FEI Quanta FEG 450 instrument. TEM, HRTEM, and HAADF-STEM images were collected on a JEM-ARM200F instrument. XRD patterns were measured on a D2 PHASER using Cu Kα radiation (λ = 0.154 nm), at 40 kV voltage and 40 mA current. XPS spectra were recorded in an ultra-high vacuum using Al Kα X-ray source, and were calibrated by C 1s binding energy (284.8 eV) on a VG ESCALAB 220i-XL instrument. FTIR data were collected on a PerkinElmer FTIR Spectrometer. Raman spectra were measured on a WITec alpha 300R Raman System. XAS measurements for the Co and Ni K-edge were conducted in transmission modeon the beamline 12-BM of the Advanced Photon Source at the Argonne National Laboratory. Co and Ni K-edge EXAFS data were processed according to the standard procedures using the ATHENA module implemented in the IFEFFIT software package.71, 72 After subtracting the post-edge background from the overall absorption and normalization with respect to the edge jump step, EXAFS spectra were obtained. To determine the valence states of Co and Ni elements in the composites, a nearly linear portion of the rising edge was selected for integration, and integrated average intensity was defined as the K-edge. Similar method was used to determine the K-edge position of the references of Co and Ni elements; it was confirmed that the calculated K-edge values were in a linear relationship with the valence state. We used Co foil, CoO and Co3O4 as Co0+, Co2+, and Co2.67+ references, respectively, for quantifying the Co valence state in CoNi-Ti3C2Tx and Co-Ti3C2Tx. Similarly, Ni foil, NiO and Ni2O3 were used as Ni0+, Ni2+, and Ni3+ references for quantifying the Ni valence state in CoNi-Ti3C2Tx and Ni-Ti3C2Tx. The coordination shells were determined by Fourier transformation of χ(k) data in k-space ranging from 0 to 12 Å-1, using Hamming windows (dk = 1.0 Å-1). To obtain Morlet wavelet transforms (MWT) of the k3 weighted EXAFS spectra, the Fortran-based HAMA code was used. 73
Electrochemical Measurements. To make the slurry, 3 mg of the electrocatalyst and 7 mg of carbon black were dispersed in a mixture of 35 µL of Nafion (5%) solution and 965 µL of isopropyl alcohol, and sonicated for 30 min. 100 μL of this solution was evenly loaded onto the both sides of carbon cloth (0.5 × 0.5 cm2) and dried at room temperature. All electrochemical measurements were performed on an electrochemical workstation VersaSTAT 3 using a standard three-electrode system. A graphite electrode and a saturated calomel electrode were used as the counter electrode and reference electrode, respectively. 1.0 M KOH solution was used as the electrolyte. Linear sweep voltammetry (LSV) measurements were conducted at 5 mV s-1. The reported potentials are provided with a reference to the reversible hydrogen electrode (RHE) according to the equation Evs RHE = Evs SCE + 1.067 V in 1.0 M KOH. Polarization curves were corrected for the instrument response (IR) depending on the ohmic resistance of solution, by applying the equation ECorrected = ERaw – IRs. Electrochemical impedance spectroscopy (EIS) was carried out in the frequency range of 100 Hz to 0.01 Hz with a 5 mV amplitude. To evaluate the effective electrochemical active surface areas (ECSA) of the samples, the electrochemical capacitance (Cdl) was obtained by CV measurements from 1.067 to 1.167 V (vs. RHE) at a scanning rates of 5, 10, 20, 30, 50, 100, 150 and 200 mV s-1. The overall water splitting was performed using a two-electrode system, where Co@MXene electrodes served as both the cathode and anode. Electrolysis energy efficiency was calculated as the ratio between 1.48 V and the water splitting cell voltage:  .
Electrochemical measurements on an AEMWE device. The CoNi-Ti3C2Tx composite was used as both the cathodic catalyst and anodic catalyst. The slurries of CoNi-Ti3C2Tx catalysts were dropped onto Ni foam gas diffusion layers, with an estimated mass loading of 0.9 mg cm-2. Subsequently, the catalyst-coated layers were sandwiched together with an anion exchange membrane (Fuma, FAA-PK-130) to assemble an integrated AEMWE device. The anion exchange membrane was immersed into 1.0 M KOH solution for at least 24 h prior to being used to exchange Cl- into OH-. The performance of the AEMWEs was evaluated by measuring the polarization curves from 1.2 V to 2.4 V. The stability of the AEMWEs was evaluated by measuring chronopotentiometry at a current density of 100 mA cm-2.
DFT calculations. The density functional theory (DFT) calculations were carried out with the VASP code. 74, 75 The Perdew–Burke–Ernzerhof (PBE) functional within generalized gradient approximation (GGA) was used to process the exchange–correlation, while the projector augmented-wave pseudopotential (PAW) was applied with a kinetic energy cut-off of 500 eV, which was utilized to describe the expansion of the electronic eigenfunctions. The Brillouin-zone integration was sampled by a Γ-centered 5 × 5 × 5 Monkhorst–Pack k-point. All atomic positions were fully relaxed until energy and force reached a tolerance of 1 × 10-5 eV and 0.03 eV/Å, respectively. The dispersion corrected DFT-D method was employed to consider the long-range interactions. 
The Gibbs free energy change (ΔG) was calculated by computational hydrogen electrode (CHE) model as follows:
ΔG = ΔE + ΔZPE − TΔS 	(1)
where ΔE is the reaction energy obtained by the total energy difference between the reactant and product molecules absorbed on the catalyst surface and ΔS is the change in entropy for each reaction, ΔZPE is the zero-point energy correction to the Gibbs free energy. T represents room temperature (298.15 K).

Supporting Information
[bookmark: _Hlk140764807][bookmark: _Hlk112780551][bookmark: OLE_LINK48]Schematic illustration of the synthetic procedure of CoNi-Ti3C2Tx; SEM image of Ti3C2Tx; Schematic illustration of the fabrication of the Try-Ti3C2Tx; FTIR spectrum of tryptophan; High-resolution XPS spectra of N 1s, C 1s and Ti 2p in Try-Ti3C2Tx and Ti3C2Tx; HAADF-STEM image of Try-Ti3C2Tx; Elemental mapping of Ti, Ni, C, O and N in the Ni-Ti3C2Tx composite and the corresponding EDS spectrum; Elemental mapping of Ti, Co, N, O and C in the Co-Ti3C2Tx composite and the corresponding EDS spectrum; Intensity profiles obtained on the three sites marked by red rectangles in Figure 2a; Schemes of chelated Co and Ni single atoms on Try-Ti3C2Tx; Schemes of attached Co and Ni single atoms on Ti3C2Tx;  High-resolution XPS spectra of C 1s and O 2p in CoNi-Ti3C2Tx, Ni-Ti3C2Tx and Co-Ti3C2Tx; High-resolution XPS spectra of Ti 2p in CoNi-Ti3C2Tx, Ni-Ti3C2Tx and Co-Ti3C2Tx; FTIR spectra of CoNi-Ti3C2Tx, Ni-Ti3C2Tx and Co-Ti3C2Tx; Raman spectra of CoNi-Ti3C2Tx, Ni-Ti3C2Tx and Co-Ti3C2Tx; k3-weighted Fourier transform (FT) of Co K-edge EXAFS of CoNi-Ti3C2Tx, Co3O4 and Co foil; k3-weighted Fourier transform (FT) of Ni K-edge EXAFS of CoNi-Ti3C2Tx, NiO and Ni foil; MWT images of Co K-edge EXAFS of Co foil, CoO and Co3O4; MWT images of Ni K-edge EXAFS of Ni foil, NiO and Ni2O3; OER LSV curves of CoNi-Ti3C2Tx electrodes with the Co/Ni ratio of 1:1, 2:1 and 1:2, at 5 mV s−1; Cycle voltammograms of CoNi-Ti3C2Tx, Ni-Ti3C2Tx and Co-Ti3C2Tx electrodes recorded in 1.0 M KOH at different scan rates; OER and HER chronopotentiometry response of Ni-Ti3C2Tx and Co-Ti3C2Tx electrodes at current density of 10 mA cm−2; HAADF-STEM images of Co@Ti3C2Tx; Elemental mapping of Co, Ti, and C on the corner piece of Co@Ti3C2Tx composite; Schematics of bonding of Co single atoms to oxygen terminating atoms at the Ti3C2Tx and Try-Ti3C2Tx surface and corresponding metal loading (wt%) determined by ICP-OES analysis; OER and HER LSV curves of Co@Ti3C2Tx and Co-Ti3C2Tx electrodes at 5 mV s−1; the optimized configurations of CoNi-Ti3C2Tx(Ni), CoNi-Ti3C2Tx(Co), Ni-Ti3C2Tx, Co-Ti3C2Tx showing chemisorption of three intermediates in the OER process in alkaline solution; Metal loading of the catalysts determined by ICP-OES analysis;  Comparison of Metal loading in this work with other reported MXene-based electrocatalysts; Co K-edge EXAFS analysis for CoNi-Ti3C2Tx and Co-Ti3C2Tx; Ni K-edge EXAFS analysis for CoNi-Ti3C2Tx and Ni-Ti3C2Tx; Z-fit equivalent circuit data of CoNi-Ti3C2Tx, Ni-Ti3C2Tx, and Co-Ti3C2Tx composites; Comparison of overpotentials (at 10 mA cm-2) of the CoNi-Ti3C2Tx composite introduced in this work with other reported MXene-based electrocatalysts in OER and HER; Comparison of the two-electrode CoNi-Ti3C2Tx electrolyzer with previous reports.
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[bookmark: OLE_LINK63]A surface modification strategy with L-tryptophan is introduced to construct a dual-atom (Co/Ni) electrocatalyst on Ti3C2Tx MXene substates, with superior metal loading, HER/OER catalytic activity, and stability. The electronic structure of the Co/Ni metal atoms has been optimized by electronic modulation between terminate O atoms on MXene substrates, N atoms in L-tryptophan, and catalytic metal atoms.
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