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Supplementary methods 15 

Charaterization details. X-ray photoelectron spectra (XPS) were obtained by using an 16 

apparatus (Thermo VG Escalab 250) with Al Kα irradiation monochromatic source. Chemical 17 

state and the corresponding surface element composition of all the samples were determined by 18 

XPS Peak 4.1 program. The charge calibration was applied by setting the main C 1s peak at 19 

284.8 eV. H2-TPR and O2-TPD was carried out in a quartz tube on an Automated Catalyst 20 

Characterization System (AutoChem 2920). For the measurements of H2-TPR, the temperature 21 

was gradually raised from 50 to 700 °C at a heating rate of 5 °C min−1, accompanied with 22 

flowing a mixed gas of H2 and Ar (1:9, v/v). In the case of O2-TPD, 100 mg of the sample was 23 

treated in the reactor via flowing a mixed gas of O2 and He (1:9, v/v) at 200 °C. Subsequently, 24 

He was purged into the reactor for 60 min and then cooled down to 50 °C for the desorption of 25 

O2. Finally, the sample was heated from 50 to 700 °C at a rate of 10 °C∙min−1 along with the 26 

collection of TCD signals. 27 

In situ FT-IR measurements. FT-IR measurements were carried out on a spectrometer 28 

(VERTEX 70). The window of the reaction chamber was CaF2, and the reaction temperature was 29 

controlled by thermocouples. The sample (30 mg) was pressed into a round flake without carrier 30 

and installed into the reaction chamber, followed by pretreatment at 200 °C in a pure He flow for 31 

1 h and cooled down to room temperature in He. For the adsorption of CO, IR signals were 32 

collected in a 1% CO/He flow. In order to investigate the redox property of CoMn-MOCs, FT-IR 33 

measurements of CH3OH adsorption were carried out. CH3OH was introduced into the reactor 34 

for 15 min. Subsequently, He was purged to remove the physically adsorbed molecule followed 35 

by collection of IR signals. In situ FT-IR measurements of HMF, DFF and FFCA adsorption and 36 
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surface reaction were performed using a transmission reactor. The sample was pretreated at 37 

200 °C in a 10% O2/He flow for 1 h and cooled down to room temperature in He. The reaction 38 

chamber was vacuumed and then the substrate was introduced. Infrared signals vs the reference 39 

baseline were collected. Subsequently, He was purged to remove the physically adsorbed 40 

molecule followed by collection of IR signals. Finally, the spectra during the oxidation reaction 41 

process were collected per 30 s after the introduction of H2O and 10% O2/He (flow rate: 30 mL 42 

min1). 43 

Reaction kinetic studies on HMF oxidation over CoMn-MOCs catalysts. A kinetic model 44 

was built to study the catalytic oxidation reaction of HMF and determine the rate constants of 45 

each step, according to the reported method1. The oxidation from HMF to HMFCA was 46 

confirmed as a first-order reaction with respect to HMF by using the differential method. The 47 

equations 1-4 describe the rate constants for each species consumed and formed in HMF 48 

oxidation reaction. The CHMF, CHMFCA, CFFCA and CFDCA are the concentrations of relevant 49 

reactants and products; kHMF and kFFCA are the rate constants of aldehyde groups oxidation; 50 

kHMFCA represents the rate constant of alcohol group oxidation. 51 

HMFHMF
HMF C-k

dt

dC
                 (1)

 52 

HMFCAHMFCAHMFHMF
HMFCA CkCk
dt

dC
            (2)

 53 

FFCAFFCAHMFCAHMFCA
FFCA CkCk
dt

dC
             (3)

 54 

FFCAFFCA
FDCA Ck
dt

dC
                (4)

 55 
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To estimate the kinetic parameters of different oxidation steps, the least-squares fitting 56 

algorithm of origin lsqcurvefit was used, and the following assumptions have been made: 57 

(1) The temperature is regulated and assumed to be stable at 120 ℃ throughout the reaction. 58 

(2) The concentrations and properties of active sites on the catalyst surface remain constant 59 

during the catalytic reaction. 60 

(3) The reaction system is considered as a homogeneous solution. 61 

(4) All dehydrogenation reactions are irreversible. 62 

(5) The oxygen concentration is sufficient and invariable in the liquid phase. 63 

Computational details. DFT calculations were performed through the Vienna ab initio 64 

simulation package (VASP, version 5.4) using the periodic supercell approach2. The projector 65 

augmented wave method (PAW) was used for electron-ion interactions3. Electronic structures of 66 

bulk were calculated using the Perdew-Burke-Ernzerhof (PBE)4 form of the generalized gradient 67 

approximation expanded in a plane wave basis, and the Grimme’s DFT-D3 was added to 68 

consider the effect of van der Waals interaction for surface reaction. Spin polarization was 69 

involved in all calculations. All DFT calculations were performed with a cutoff energy of 400 eV 70 

and a 3 × 3 × 1 grid generated by Monkhorst-Pack method was set to reach convergence5. The 71 

convergence criteria for the electronic self-consistent iteration and force were set to 10−4 eV and 72 

0.05 eV Å−1, respectively. The climbing image general nudged elastic band (CI-NEB) method 73 

was used to locate the transition states (TSs)6. Vibrational frequency analysis was performed to 74 

verify only one imaginary frequency in each transition state. 75 

The adsorption energy (Eads), activation energy (Ea) and reaction energy (ΔE) were 76 

calculated based on the following three equations: 77 
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Eads = EA/M − EA − EM               (5) 78 

Ea = ETS − EIS                 (6) 79 

ΔE= EFS − EIS                 (7) 80 

where EA, EM, EA/M, EIS, ETS, EFS represent the calculated energies of adsorbate, substrate, 81 

adsorption system, initial state (IS), transition state (TS) and final state (FS), respectively. 82 

According to the results of XRD results, the (311) facet of Co3O4 was used as the initial 83 

computational mode. The Co3O4/Co2MnO4 interfacial sites in CoMn-MOCs-500 were 84 

constructed by replacing the four octahedral-coordinated Co atoms in Co3O4 phase with Mn. The 85 

Co2MnO4 phase with Co: Mn=2:1 was constructed by replacing seven octahedral-coordinated Co 86 

atoms with Mn atoms in Co3O4 according to the principle of maximum distribution. In each of 87 

the three models, a vacuum space of 18 Å was added in the z direction to minimize the 88 

interactions between adjacent slabs. Periodic boundary conditions were used for all reaction 89 

models. 90 

  91 
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Supplementary figures 92 

 93 

Supplementary Figure 1 Preparation process of CoMn-MOCs. Schematic representation for 94 

the preparation of CoMn-MOCs via the separate nucleation and aging steps (SNAS)7 method 95 

followed by calcination process. 96 

  97 
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 98 

Supplementary Figure 2 Structure characterization of CoMn-LDHs. a XRD pattern and b 99 

SEM image of the CoMn-LDHs precursor. 100 

 101 

  102 
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 103 

Supplementary Figure 3 Thermal decomposition of CoMn-LDHs sample. TG (blue line) and 104 

DTG (red line) curves of the CoMn-LDHs sample. 105 

 106 

  107 
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 108 

Supplementary Figure 4 Refinement structure of CoMn-MOCs samples. Experimental and 109 

calculated XRD patterns for a CoMn-MOCs-400, b CoMn-MOCs-500, c CoMn-MOCs-600 and 110 

d CoMn-MOCs-700 samples. The calculated patterns were obtained by the Rietveld structure 111 

refinement for the spinel structure. 112 

 113 

  114 
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 115 

Supplementary Figure 5 Morphology characterizations of CoMn-MOCs samples. TEM 116 

images and corresponding FFT images of a, b CoMn-MOCs-400, c, d CoMn-MOCs-500, e, f 117 

CoMn-MOCs-600 and g, h CoMn-MOCs-700 samples, respectively. 118 

 119 

  120 
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 121 

Supplementary Figure 6 N2 adsorption-desorption isotherms of CoMn-MOCs samples. N2 122 

adsorptions-desorption isotherms of a CoMn-MOCs-400, b CoMn-MOCs-500, c 123 

CoMn-MOCs-600 and d CoMn-MOCs-700 samples, respectively. 124 

 125 

  126 
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 127 

Supplementary Figure 7 Pore diameter distributions of CoMn-MOCs samples. Pore 128 

diameter distributions of CoMn-MOCs samples obtained at various pretreatment temperatures. 129 

 130 

  131 
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 132 

Supplementary Figure 8 Structure characterizations of CoMn-MOCs samples. Infrared 133 

spectra of CoMn-MOCs samples obtained at various pretreatment temperatures. 134 

 135 

  136 
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 137 

Supplementary Figure 9 Raman characterizations of CoMn-MOCs samples. a Raman 138 

spectra of CoMn-MOCs samples, and b the calculated M−O bond force constant based on 139 

Hooke’s law8. 140 

 141 

  142 
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 143 

Supplementary Figure 10 Electronic structure characterizations of CoMn-MOCs samples. 144 

XPS spectra of a wide, b O 1s, c Mn 2p and d Co 2p for CoMn-MOCs samples obtained at 145 

various pretreatment temperatures. 146 

 147 

  148 
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 149 

Supplementary Figure 11 Mean valance of manganese in CoMn-MOCs samples. a XPS 150 

spectra of Mn 3s and b Mn average oxidation state in CoMn-MOCs samples. The Mn average 151 

oxidation state (AOS) is determined through the exchange splitting of Mn 3s spectra (ΔE3s) 152 

according to the linear equation: AOS = 8.956 − 1.13 (ΔE3s)9. 153 

 154 

  155 
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 156 

Supplementary Figure 12 Molecular oxygen activation characterization over CoMn-MOCs 157 

samples. O2-TPD profiles of CoMn-MOCs samples obtained at various pretreatment 158 

temperatures. 159 

 160 

  161 
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 162 

Supplementary Figure 13 Screening of NaHCO3 equivalent for the catalytic reaction. 163 

Correlation between catalytic performance of CoMn-MOCs-500 and reaction conditions: HMF 164 

conversion and product selectivity (HMFCA, DFF, FFCA and FDCA) as function of NaHCO3 165 

equivalent. 166 

 167 

  168 
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 169 

Supplementary Figure 14 Screening of pretreatment atmosphere for CoMn-MOCs-500. 170 

Correlation between catalytic performance of CoMn-MOCs-500 and reaction conditions: HMF 171 

conversion and product selectivity (HMFCA, DFF, FFCA and FDCA) as function of 172 

pretreatment atmosphere. 173 

 174 

  175 
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 176 

Supplementary Figure 15 Screening of Co/Mn ratio of CoMn-MOCs-500. Correlation 177 

between catalytic performance of CoMn-MOCs-500 and Co/Mn ratio: HMF conversion and 178 

product selectivity (HMFCA, DFF, FFCA and FDCA) as function of Co/Mn ratio. 179 

 180 

  181 



 

S21 
 

 182 

Supplementary Figure 16 Screening of reaction temperature for the catalytic reaction. 183 

Correlation between catalytic performance of CoMn-MOCs-500 and reaction conditions: HMF 184 

conversion and products selectivity (HMFCA, DFF, FFCA and FDCA) as function of reaction 185 

temperature. 186 

 187 

  188 
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 189 

Supplementary Figure 17 Screening of HMF dosage for the catalytic reaction. Correlation 190 

between catalytic performance of CoMn-MOCs-500 and reaction conditions: HMF conversion 191 

and products selectivity (HMFCA, DFF, FFCA and FDCA) as function of HMF dosage.  192 

 193 

  194 
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 195 

Supplementary Figure 18 Screening of oxygen pressure for the catalytic reaction. 196 

Correlation between catalytic performance of CoMn-MOCs-500 and reaction conditions: HMF 197 

conversion and products selectivity (HMFCA, DFF, FFCA and FDCA) as function of oxygen 198 

pressure.  199 

 200 

  201 
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 202 

Supplementary Figure 19 Catalytic performance of Co3O4, CoMn-MOCs-500 and 203 

Co2MnO4 samples. FDCA yield over Co3O4, CoMn-MOCs-500 and Co2MnO4. 204 

 205 

  206 
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 207 

Supplementary Figure 20 Reaction pathways for the oxidation of HMF to FDCA. Reaction 208 

route with intermediates for the oxidation of HMF to FDCA. 209 

 210 

  211 
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 212 

Supplementary Figure 21 Tests for internal transport limitations. Dependence of lnC/C0 of 213 

HMF on oxygen pressure (MPa) over CoMn-MOCs-500 catalyst. 214 

 215 

  216 
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 217 

Supplementary Figure 22 STEM characterizations on CoMn-MOCs-500 sample. 218 

HAADF-STEM images of CoMn-MOCs-500 viewed down the [110] zone axis with the fast 219 

Fourier transform images. 220 

 221 

  222 
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 223 

Supplementary Figure 23 Element distribution of CoMn-MOCs-500. EDX analysis of 224 

CoMn-MOCs-500 sample. 225 

 226 

  227 
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 228 

Supplementary Figure 24 Representative HR-TEM image of CoMn-MOCs-500. Enlarged 229 

HR-TEM images of CoMn-MOCs-500 at the interface between Co3O4 and Co2MnO4, along with 230 

fast Fourier transform (FFT) patterns. 231 

 232 

  233 
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 234 

Supplementary Figure 25 XANES spectra. Pre-edge of XANES spectra at the a Co K-edge of 235 

Co-based samples, b Mn K-edge of Mn-based samples10. 236 

 237 

  238 
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 239 

Supplementary Figure 26 EXAFS spectra Co K-edge. Fourier-transform EXAFS spectra and 240 

fitting at Co K-edge for a Co3O4, b CoMn-MOCs-500, and c Co2MnO4. 241 

 242 

  243 
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 244 

Supplementary Figure 27 EXAFS spectra of Mn K-edge. Fourier-transform EXAFS spectra 245 

and fitting at Mn K-edge for a MnO2, b CoMn-MOCs-500, and c Co2MnO4. 246 

 247 

  248 
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 249 

Supplementary Figure 28 Structure characterizations. XRD patterns of Co3O4, 250 

CoMn-MOCs-500 and Co2MnO4 samples. 251 

 252 

  253 



 

S34 
 

 254 

Supplementary Figure 29 Raman characterizations. a Raman spectra of Co3O4, 255 

CoMn-MOCs-500 and Co2MnO4, and b the calculated M−O bond force constant based on 256 

Hooke’s law. 257 

 258 

  259 
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 260 

Supplementary Figure 30 Electronic structure characterizations. XPS spectra of a wide, b O 261 

1s, c Mn 2p and d Co 2p for Co3O4, CoMn-MOCs-500 and Co2MnO4, respectively. 262 

 263 

  264 
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 265 

Supplementary Figure 31 Mean valance of manganese in CoMn-MOCs-500 and Co2MnO4. 266 

a XPS spectra of Mn 3s and b Mn average oxidation state in CoMn-MOCs-500 and Co2MnO4. 267 

The Mn average oxidation state (AOS) is determined through the exchange splitting of Mn 3s 268 

spectra (ΔE3s) according to the linear equation: AOS = 8.956 − 1.13 (ΔE3s). 269 

 270 

  271 
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 272 

Supplementary Figure 32 Surface reducibility tests of Co3O4, CoMn-MOCs-500 and 273 

Co2MnO4. H2-TPR profiles of Co3O4, CoMn-MOCs-500 and Co2MnO4, respectively. 274 

 275 

  276 
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 277 

Supplementary Figure 33 Infrared spectra of reactants and oxidation products. FT-IR 278 

spectra of HMF, DFF, HMFCA, FFCA and FDCA, respectively11. 279 

 280 

  281 
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 282 

Supplementary Figure 34 Structure models. Structure models of a Co3O4(311), b 283 

CoMn-MOCs(311) and c Co2MnO4(311) surface. 284 

 285 

  286 
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 287 

Supplementary Figure 35 Adsorption configurations of HMF. Optimized adsorption 288 

configurations of HMF with calculated M−O (oxygen from carbon-oxygen bond) bond length on 289 

a, b Co3O4(311), c, d CoMn-MOCs(311), e, f Co2MnO4(311) surface. 290 

 291 

  292 
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 293 

Supplementary Figure 36 Adsorption configurations of FFCA. Optimized adsorption 294 

configurations of FFCA with calculated M−O (oxygen from C=O bond) bond length on a 295 

Co3O4(311), b CoMn-MOCs(311), c Co2MnO4(311) surface. 296 

 297 

  298 
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 299 

Supplementary Figure 37 Adsorption configurations of oxygen at oxygen vacancy. 300 

Optimized adsorption configurations of oxygen at oxygen vacancy with calculated O=O bond 301 

length on a, b Co3O4(311), c, d CoMn-MOCs(311), e, f Co2MnO4(311) surface. 302 

 303 

  304 
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 305 

Supplementary Figure 38 In situ investigations on CO adsorption. FT-IR spectra of CO 306 

adsorption on CoMn-MOCs-500 at different temperatures. 307 

 308 

  309 
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 310 

Supplementary Figure 39 In situ investigations on methanol adsorption. FT-IR spectra of 311 

CH3OH adsorption on CoMn-MOCs-500. 312 

 313 

  314 
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 315 

Supplementary Figure 40 In situ investigations on DFF oxidation. In situ FT-IR spectra of 316 

DFF oxidation on CoMn-MOCs-500. 317 

 318 

  319 
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 320 

Supplementary Figure 41 Investigations on reaction paths. a HPLC data based on UV 321 

detector, b 1H-NMR analysis12, and c mass spectra (electronegative ion mode) of 322 

deuterium-labeled HMF and its derivatives. Reaction conditions: 0.1 g of CoMn-MOCs-500, 323 

0.20 mmol of HMF, 20 mL of D2O, 120 °C, 0.1 MPa O2, base free, 12 h. 324 

 325 

  326 
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 327 

Supplementary Figure 42 Investigations on the source of oxygen. a HPLC data based on UV 328 

detector, and mass spectra (electronegative ion mode) of 18O-labeled b FFCA and c FDCA. 329 

Reaction conditions: 0.1 g of CoMn-MOCs-500, 0.20 mmol of HMF, H2O (5 mL) + H2O18 (1 330 

mL), 120 °C, 0.1 MPa O2, base free, 12 h.  331 

 332 

  333 
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 334 

Supplementary Figure 43 Studies on electronic structure. Bader charge analysis of a 335 

CoMn-MOCs-500, b CoMn-MOCs-500 with adsorbed FFCA and c CoMn-MOCs-500 with 336 

adsorbed gem-diol. d Plots for Bader charge of Co, Mn, O vs different catalytic states from a, b, 337 

c. 338 

 339 

  340 
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 341 

Supplementary Figure 44 Electronic structure characterizations on the oxidation process of 342 

FFCA over CoMn-MOCs-500. Quasi in situ XPS spectra of a wide, b O 1s, c Mn 2p and d Co 343 

2p. 344 

 345 

  346 
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 347 

Supplementary Figure 45 Studies on FFCA oxidation on the surface of CoMn-MOCs. 348 

Geometric configurations for the elementary reaction steps of FFCA oxidation to FDCA on 349 

CoMn-MOCs, along with the transition state (TS), intermediate and final state (FS). ‘*’ 350 

represents the adsorption state of the adsorbate. 351 

 352 

  353 
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Supplementary Tables 354 

Supplementary Table 1 Physicochemical parameters of CoMn-MOCs samples 355 

a Specific surface area, pore volume and pore size were determined by BET. 356 

 357 

  358 

Sample 
Specific surface area 

(m2 g1)a 
Pore volume  

(cm3 g1)a 
Pore size 

(nm)a 

CoMn-MOCs-400 91.1 0.03 10.4 

CoMn-MOCs-500 53.5 2.33 20.7 

CoMn-MOCs-600 34.6 1.95 30.0 

CoMn-MOCs-700 15.6 2.12 15.0 
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Supplementary Table 2 FT-IR/Raman characterizations on M−O bond 359 

a Intensity ratio of ν1:ν2 stretching mode was calculated from the vibration frequency of the characteristic 360 
bands in FT-IR spectra13. 361 

b M−O bond force constant was calculated by Hooke’s law: ω ൌ
ଵ

ଶ஠ୡ
ට
୩

ஜ
. 362 

 363 

  364 

Sample 
Intensity ratio of ν1:ν2 

stretching mode 
Raman shift of A1g 

(cm−1) 

M−O bond 
Force 

constanta 

CoMn-MOCs-400 0.54 : 0.46 658 316 

CoMn-MOCs-500 0.27 : 0.73 675 332 

CoMn-MOCs-600 0.26 : 0.74 662 319 

CoMn-MOCs-700 0.30 : 0.70 646 304 
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Supplementary Table 3 Quantitative results of H2-TPR 365 

a H2 consumption was quantified by using Ag2O as a calibration reference. 366 

 367 

  368 

Sample 

H2 consumption (mmol g−1)a Total H2 
consumption 
(mmol g−1) 

Theoretical 
H2 

consumption 
(mmol g−1) 

< 280 °C 300−400 °C > 500 °C 

CoMn-MOCs-400 1.7 8.7 7.0 17.3 31.6 

CoMn-MOCs-500 2.0 8.3 13.2 23.5 32.0 

CoMn-MOCs-600 1.5 7.6 12.0 21.2 31.7 

CoMn-MOCs-700 1.3 6.1 12.0 19.4 31.7 
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Supplementary Table 4 Comparison of catalytic performance for selective oxidation of 369 

HMF over various catalysts 370 

Catalyst Reaction conditions 
Con. 

(%) 
FDCA 

Sel. (%) 
Yield 

(%) 

Formation Rate 

(μmol gmetal
−1 h−1)a 

Ref. 

CoMn-MOCs-500 
120 °C, 0.1 MPa O2, 

NaHCO3(2 eq) 
>99 98 98 488.0 

This 

work 

Mn3Co2Ox–0.3VC 
130 °C, 1.5 MPa air, 

NaHCO3(2 eq) 
100 96 96 / 14 

CoOx-MC 
80 °C, 0.5 MPa air, 

NaHCO3(3.6 eq) 
98 97 95 / 15 

Mn2O3 
100 °C, 1.4 MPa O2, 

NaHCO3(3 eq) 
100 99  99 397.1 16 

MnO2 
100 ℃,1 MPa O2, 

NaHCO3(3 eq) 
100 91 91 240.0 17 

Co-Mn-0.25 
120 °C, 2 MPa O2, 

NaHCO3(2 eq) 
99 95 94 / 18 

CuO MnO2 CeO2 
130 °C, 1 MPa O2, 

base free 
97 69 67 120.2 19 

MnO2 
120 °C,1 MPa O2, 

NaHCO3(3 eq) 
100 95 95 120.0 20 

MnOx-CeO2 
75 °C, 1 MPa O2, 

KHCO3(4 eq) 
98 91 89 / 21 

Mn0.75Fe0.25 
90 °C, 0.8 MPa O2, 

NaOH (4 eq) 
79 9 7 / 22 

a Formation rate = moles of FDCA product / (moles of active metal−1 × h−1)  371 
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Supplementary Table 5 Kinetic parameters for HMF oxidation over CoMn-MOCs-500 372 

a Based on the time curve for the oxidation reaction of HMF. 373 
b Based on the oxidation reaction of different substrates.  374 

Oxidation reaction Rate constant (h–1)a Rate constant (h–1)b 

k1 (HMF → HMFCA) 0.90 0.92 

k2 (HMFCA → FFCA) 9.36 / 

k3 (FFCA → FDCA) 0.68 0.17 
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Supplementary Table 6 Curve-fitting results of Co K-edge EXAFS spectra 375 

Sample Shell R (Å)a C.N.b σ2 (103Å2)c ΔE0 (eV)d R factor (%)e 

Co3O4 

Co–O 1.91(0.01) 3.7(0.3) 1.8 

4.6 0.7 Co–Co 2.86(0.01) 4.8(1.0) 5.4 

Co–Co 3.37(0.01) 5.3(1.3) 4.6 

Co2MnO4 

Co–O 1.91(0.01) 4.7(0.4) 1.8 

3.8 0.6 Co–M 2.86(0.01) 5.2(1.3) 5.4 

Co–M 3.38(0.01) 7.2(2.3) 5.4 

CoMn-MOCs 

Co–O 1.92(0.01) 4.3(0.3) 2.7 

4.1 0.6 Co–M 2.87(0.01) 5.0(1.1) 6.5 

Co–M 3.39(0.01) 6.5(1.8) 6.8 

a Bond distance. 376 
b Coordination number. 377 
c Debye-Waller factor. 378 
d The inner potential correction. 379 
e Goodness of fit. 380 

 381 

  382 
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Supplementary Table 7 Curve-fitting results of Mn K-edge EXAFS spectra 383 

Sample Shell R (Å)a C.N.b σ2 (10-3Å2)c ΔE0 (eV)d R factor (%)e 

MnO2 

Mn–O 1.89(0.01) 4.3(0.3) 3.1 

0.9 0.9 Mn–Mn 2.88(0.01) 3.5(1.4) 6.8 

Mn–Mn 3.43(0.01) 1.5(0.2) 10.3 

Co2MnO4 
Mn–O 1.88(0.01) 2.2(0.1) 2.6 

0.2 0.4 
Mn–M 2.89(0.01) 2.9(0.6) 10.2 

CoMn-MOCs 
Mn–O 1.90(0.01) 2.0(0.1) 5.0 

0.9 0.5 
Mn–M 2.89(0.01) 6.6(1.0) 6.8 

a Bond distance. 384 
b Coordination number. 385 
c Debye-Waller factor. 386 
d The inner potential correction. 387 
e Goodness of fit. 388 

 389 

  390 
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Supplementary Table 8 Bader charges analysis of CoMn-MOCs-500 in FFCA oxidation 391 

Atoma CoMn-MOCs-500 R-CHO* Gem-diol* 

Mn +1.56 +1.64 +1.62 

Co1 +1.34 +1.33 +1.27 

Co2 +1.29 +1.38 +1.15 

Co3 +1.30 +1.29 +1.33 

O1 –0.95 –0.93 –1.10 

O2 –1.01 –1.03 –1.02 

O3 –0.88 –0.97 –1.06 

O4 –1.10 –1.16 –1.03 

O5 -- –1.07 –1.16 

C -- +0.84 +0.99 

H1 -- +0.15 +0.03 

H2 -- -- +0.69 

a Atoms were identified in Supplementary Figure 43. 392 
 393 

  394 
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