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14 ABSTRACT: In the quest for new, efficient, and noble-metal-
15 free H2-evolution catalysts, hydrogenase enzymes are a source
16 of inspiration. Here, we describe the development of a new
17 hybrid material based on a structural and functional [NiFe]-
18 hydrogenase model complex (NiFe) incorporated into the Zr-
19 based MOF PCN-777. The bulk NiFe@PCN-777 material was
20 synthesized by simple encapsulation. Characterization by solid-
21 state NMR and IR spectroscopy, SEM-EDX, ICP-OES, and
22 gas adsorption confirmed the inclusion of the guest. FTO-
23 supported thin films of the NiFe@PCN-777 composite were
24 obtained by electrophoretic deposition of the bulk material
25 and characterized by SEM-EDX, ICP-OES, and cyclic
26 voltammetry. The average surface concentration of electro-
27 active NiFe catalyst in the film was found to be ∼9.6 × 10−10 mol cm−2, implying that a surprisingly high fraction (37%) of NiFe
28 units incorporated in the MOF are electroactive. By cyclic voltammetry, we showed that NiFe maintains its electrocatalytic
29 capabilities for H+ reduction inside the MOF cavities, even if under controlled-potential electrolysis conditions the activity of
30 NiFe cannot be discerned from that of free PCN-777 and FTO.

1. INTRODUCTION
31 In the current context of increasing global energy demand,
32 hydrogen produced from catalytic water splitting is a promising,
33 clean, and renewable fuel for the future.1,2 Platinum is the state
34 of the art catalyst for H2 evolution from water, but its limited
35 abundance in the earth’s crust and high cost have stimulated the
36 development of alternative noble-metal-free hydrogen evolu-
37 tion catalysts.3,4 In nature, hydrogenase enzymes (H2ases)
38 catalyze proton reduction to H2 at high rates and close to the
39 thermodynamic equilibrium, exclusively employing inexpensive
40 and abundant first-row transition metals (nickel and/or iron).5,6

41 Hydrogenases thus represent an inspiration for the design of
42 new molecular H2-evolution catalysts. Both major classes of
43 hydrogenases, the [FeFe]- and [NiFe]-H2ases, feature a bis-
44 thiolate-bridged dinuclear complex (FeFe or NiFe, respec-
45 tively) at their active site.5 Even though many efforts have been
46 made toward the development of synthetic structural and
47 functional mimics, most of the isolated complexes suffer from a
48 limited stability under catalytic conditions.7−10

49In the attempt to address these issues, one strategy relies on
50the confinement of reported H2-evolution molecular cata-
51lysts11−16 into the cavities of solid-state porous scaffolds, such
52as metal−organic frameworks (MOFs).14,15,17−27 MOFs are
53crystalline, microporous, or nanoporous solids with exception-
54ally high surface area consisting of a periodic lattice built up
55from the assembly of small metal aggregates and organic
56linkers.28−32 The incorporation of molecular catalysts in the
57uniformly distributed inner pores and channels of MOFs allows
58a high dispersion and isolation of the catalytic sites and a
59thorough control of their microenvironment: (i) the high site
60dispersion in the reticular structure of MOFs results in a high
61density of active centers in the material, thus enhancing the
62catalytic efficiency of the process;33 (ii) the spatial isolation of
63the catalytic sites in the framework is expected to improve the
64stability of the molecular complexes, limiting catalyst
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65 deactivation or undesired intermolecular side reactions during
66 turnover; (iii) the chemical versatility of MOFs gives a unique
67 possibility to tailor the dimensionality and polarity of the
68 cavities, which can then act as the pockets of enzymes, inducing
69 second coordination sphere effects on the active guest and
70 stabilizing reaction intermediates.12,34,35

71 An increasing number of contributions have reported on the
72 incorporation of H2-evolving catalysts (including molecular
73 complexes and inorganic nanoparticles) into MOFs. Interest-
74 ingly, in most cases an increase in their stability and/or
75 reactivity for electro- or photochemically driven proton
76 reduction has been observed.14,15,17−25 However, to the best
77 of our knowledge only a few reports concern the insertion of
78 hydrogenase mimics into MOFs,12 and all of them are based on
79 a photochemical approach involving a sacrificial electron donor.
80 In particular, the groups of Ott22,26,27,36 and Feng21 grafted
81 [FeFe]-hydrogenase mimics to zirconium (or, more recently,
82 chromium)-based MOFs through covalent and coordination
83 bonds, respectively. The performances for H2 evolution in
84 terms of turnover numbers were improved after inclusion of the
85 catalyst moiety in the MOF, mainly due to its stabilization
86 inside the framework. However, in view of a further
87 optimization of these hybrid catalysts, it should be considered
88 that the introduction of anchoring functions in the trapped
89 catalyst perturbs its first coordination sphere and, consequently,
90 its solution properties are not fully transferred to the molecular
91 material. This issue may be circumvented by direct
92 encapsulation of the unmodified guest into the MOF’s pores
93 from solution.37 Surprisingly, only a few examples of direct
94 encapsulation of organometallic complexes inside MOFs have
95 been reported to date,38−40 and none are relevant to the
96 domain of catalytic H2 production. However, this strategy offers
97 two attractive benefits with respect to the covalent attachment
98 method: (i) the applicability to a larger range of functional
99 guests, i.e. all those fitting within the dimensions of the MOF’s
100 cavities, and (ii) the higher conformational freedom expected
101 for an encapsulated catalyst.
102 Herein, we report on the first example of incorporation of a
103 [NiFe] hydrogenase mimic into a MOF via the encapsulation
104 strategy. We succeeded in inserting the recently reported

f1 105 [LN2S2NiIIFeIICp(CO)]BF4 (NiFe; Figure 1) molecular electro-
106 catalyst for proton reduction41 in the mesoporous Zr-based
107 MOF PCN-777.37 The resulting NiFe@PCN-777 hybrid
108 material was fully characterized in its bulk form and processed
109 in the form of a thin film. In this proof of concept study, we
110 showed that NiFe@PCN-777 films retained the electrocatalytic
111 properties of NiFe for H+ reduction on the cyclic voltammetry
112 time scale.

2. RESULTS AND DISCUSSION
113 2.1. Hybrid NiFe@PCN-777 Material: The Bulk Com-
114 pound. 2.1.1. Choice of the Host System and Encapsulation
115 of a [NiFe]-H2ase Mimic. Heterogenization of a homogeneous
116 organometallic catalyst by encapsulation in the cavities of a
117 MOF requires an estimation of its shape and size and the
118 selection of a MOF with the appropriate pore dimensionality.
119 In this specific case, the catalyst is the metal complex
120 [LN2S2NiIIFeIICp(CO)]BF4 (NiFe, LN2S2 = 2,2′-(2,2′-bipyr-
121 idine-6,6′-diyl)bis(1,1′-diphenylethanethiolate, Cp = cyclopen-
122 tadienyl; Figure 1), a [NiFe]-hydrogenase mimic recently
123 reported by some of us as a homogeneous H2-evolving
124 electrocatalyst in MeCN solution.41 This complex is relatively
125 large (ca. 1.4 × 0.9 × 0.8 nm for the cationic moiety), so that

126only a few MOFs have pores large enough to host it. As a
127consequence, we selected the mesoporous ZrIV-based MOF
128PCN-777 as the host system, which exhibits one of the largest
129cavity sizes among MOFs (i.d. 3.8 nm, with a pore volume
130distribution centered at 3.4 nm) and that has already been
131shown to host medium-sized organometallic complexes inside
132its cavities.37 PCN-777 features a three-dimensional network
133generated from the combination of tritopic TATB ligands
134(TATB3− = 4,4′,4″-s-triazine-2,4,6-triyl tribenzoate) and
135octahedral hexanuclear clusters of ZrIV, giving rise to the
136interconnected void net depicted in Figure 1. PCN-777 offers
137as additional benefits an excellent chemical stability in the
138presence of protons, required of a substrate for H2 evolution, as
139well as the presence of pendant water and hydroxyl ligands in
140the Zr coordination sphere, which can act as proton relays to
141boost catalysis, as previously observed in another ZrIV-MOF
142(NU-1000).23

143Encapsulation of NiFe was achieved by soaking microcrystals
144of PCN-777 previously activated under high vacuum (5 × 10−5

145Torr) at 140 °C into a CH2Cl2 solution of the complex. In
146order to improve the loading capacity, we performed several
147freeze−pump−thaw cycles on the resulting suspension.
148Actually, freeze-drying of MOFs is known to increase the
149permanent porosity of such materials by promoting the
150sublimation of the included solvent molecules (and thus
151circumventing the liquid to gas phase transition and its

Figure 1. Encapsulation of [LN2S2NiIIFeIICp(CO)]BF4 (NiFe) into
PCN-777.
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152 associated capillary forces).42,43 The NiFe@PCN-777 bulk
153 material prepared as described above showed an ∼50% increase
154 in the amount of loaded guest with respect to the sample
155 prepared by mere impregnation. A clear indication of the
156 successful incorporation of NiFe and of the achievement of a
157 NiFe@PCN-777 hybrid material was given by the color change
158 from white to brown observed for the microcrystals of PCN-
159 777 during the synthesis (see Figure 1; the powder of NiFe is
160 dark brown).
161 2.1.2. Physical Characterization. Scanning electron micros-

f2 162 copy (SEM, Figure 2d and Figure S2 in the Supporting
163 Information) and powder X-ray diffraction (PXRD, Figure S3
164 in the Supporting Information) performed on the NiFe@PCN-
165 777 bulk material indicated the retention of MOF crystallinity
166 after the incorporation of NiFe.
167 The 13C CP/MAS NMR spectrum confirmed both the
168 incorporation and integrity of NiFe (Figure 2a). Indeed, two
169 signals attributed to the guest (CH2 and Cp) are present in the
170 aliphatic region of the spectrum, at roughly the same
171 frequencies (∼50 and ∼80 ppm, respectively) observed for
172 free NiFe complex. These peaks are larger in NiFe@PCN-777
173 than in the crystalline sample of pristine NiFe, probably as a
174 consequence of the absence of a preferred orientation of the
175 guests inside the MOF’s cavities. The aromatic peaks of the
176 guest are mostly masked by the intense signals of the TATB
177 ligand of PCN-777. The integrity of the incorporated NiFe
178 complex was further demonstrated by Fourier transform
179 infrared spectroscopy (FTIR), with a CO stretching vibration
180 band observed at 1935 cm−1 (Figure 2b), roughly at the same
181 frequency of free NiFe complex (1929 cm−1), while no such
182 absorption was observed for pristine PCN-777.
183 Measurements of N2 adsorption isotherms at 77 K (Figure
184 2c) confirmed the expected decrease in porosity upon inclusion
185 of NiFe, with Brunauer−Emmett−Teller (BET) surface areas
186 determined to be 108244 and 439 m2. g−1 for activated PCN-
187 777 and NiFe@PCN-777, respectively. This decrease in

188porosity is consistent with the occupation of a significant
189portion of the PCN-777 voids by NiFe. Coherently, the
190differential pore volume distribution plot shows a marked
191decrease in the fraction of pores with a diameter of 3.4 nm
192(Figure S1 in the Supporting Information).
193The SEM-EDX mapping analysis of Ni, Fe, and Zr
194performed on an extended area of a solid sample of NiFe@
195PCN-777 (Figure 2d) attested to the homogeneous distribu-
196tion of NiFe inside the PCN-777 material. The quantification
197of the loaded NiFe was determined by combining data obtained
198by inductively coupled plasma-optical emission spectroscopy
199(ICP-OES) and by energy-dispersed X-ray spectroscopy
200(EDX). The ratio between S and Ni is approximately 1.9,
201again pointing to the integrity of the guest into the MOF
202cavities (a S:Ni ratio of 2 is expected for NiFe). The Zr:Ni ratio
203in the hybrid material was determined to be 10:1 (mol/mol) via
204both ICP-OES and EDX, which leads to the following overall
205formula: Zr6(O)4(OH)10(H2O)6(TATB)2·0.6[L

N2S2NiIIFeIICp-
206(CO)]BF4. This formula implies 30% of loaded NiFe, when it
207is referenced to the total amount of MOF linker (TATB; this is
208the usual custom to report loading of covalently bound guests
209in MOFs).
2102.1.3. Host−Guest Interactions and Leaching Tests.
211Differential scanning calorimetry (DSC) demonstrated the
212thermal stabilization of NiFe inside the MOF’s cavities. Indeed,
213the endothermic decomposition observed at 243 °C for the
214pure guest was no longer detected in the hybrid material
215(Figure S4 in the Supporting Information). This is indirect
216evidence of significant interactions between the guest and the
217host material, which are also suggested by the slight variations
218observed in the spectroscopic features of NiFe after
219encapsulation (see Figure 2a,b). To gain further insights into
220the nature and strength of these interactions, we first compared
221the efficiency of loading for NiFe with that of its neutral
222precursor complex [LN2S2NiII] (Ni; Scheme S1 in the
223Supporting Information) to evaluate the possible electrostatic

Figure 2. Characterization of the NiFe@PCN-777 bulk material by (a) 13C CP/MAS NMR spectroscopy (the two aliphatic signals attributed to the
guest are evidenced by red circles), (b) FTIR spectroscopy, (c) N2 adsorption isotherms, and (d) SEM micrograph and SEM-EDX elemental maps
(points outside the MOF framework correspond to background).
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224 character of the host−guest interaction. Second, we performed
225 leaching tests from NiFe@PCN-777 under different conditions
226 to estimate the strength of the linkage.
227 Loading of Ni into PCN-777 resulted in a material (shown in
228 Figure S5 in the Supporting Information) with a Zr:Ni ratio of
229 96:1, as determined via ICP-OES. This implies that the amount
230 of guest incorporated is 1 order of magnitude lower than that in
231 the case of NiFe, even though Ni is smaller than NiFe (ca. 1.2
232 × 0.8 × 0.7 nm). This evidences how the cationic nature of
233 NiFe promotes its encapsulation (Figure S6 in the Supporting
234 Information).45,46

235 The host−guest interaction in NiFe@PCN-777 is relatively
236 strong. Indeed, only a marginal leaching (<3%) was observed
237 after soaking the hybrid material in CH2Cl2 or MeCN for 2 h,
238 as attested by ICP-OES analysis conducted on the filtered
239 solutions (Table S1 in the Supporting Information). However,
240 when a tetrabutylammonium salt such as Bu4NClO4 and/or a
241 proton source such as Et3NHBF4 are added to an MeCN
242 suspension of NiFe@PCN-777, the complex progressively
243 leaches (for example, 25% of the complex was leached after 2 h
244 in the presence of 20 mM of Bu4NClO4 and 5 mM of
245 Et3NHBF4). This phenomenon can nevertheless be controlled
246 by decreasing either soaking times and/or salt concentrations
247 (for example, only 10% of the complex was leached after 30
248 min in the presence of 10 mM of Bu4NClO4 and 1 mM of
249 Et3NHBF4). Leaching of the complex in the presence of
250 ammonium salts can be explained by cationic exchange
251 processes between [LN2S2NiIIFeIICp(CO)]+ and the Bu4N

+/
252 Et3NH

+ competitor in the MOF’s cavities.
253 Taken together, these data suggest that the NiFe inclusion is
254 promoted by electrostatic interactions of the Zr-cluster surface
255 with the [LN2S2NiIIFeIICp(CO)]+ cation and/or the BF4

−

256 anion, even if these interactions are nonspecific (i.e., not
257 dependent on the nature of the ionic couple).

2582.2. FTO-Supported Thin Films of NiFe@PCN-777.
2592.2.1. Film Processing by Electrophoretic Deposition and
260Morphological Characterization. In the attempt to develop an
261electrocatalytic system for H2 production based on NiFe@
262PCN-777, we employed electrophoretic deposition (EPD) to
263deposit a thin film of the hybrid material on a conductive
264surface. This technique exploits the property of MOF particles
265to display net negative charges as a consequence of surface
266defects resulting from missing metal nodes.47,48 The application
267of a dc electric field to a suspension of MOF particles in a
268nonpolar solvent thus results in particle transport and
269deposition onto a positively polarized fluorine-doped tin
270 f3oxide (FTO) electrode (Figure 3a), as previously shown by
271Hupp et al.49,50 In comparison to the classical epitaxial growth
272of MOF films under solvothermal conditions (bottom-up
273approach)51,52 that requires a long preparation time and
274postsynthetic modification on the film, EPD has the advantage
275to be a top-down and one-step method, allowing deposition of
276a presynthesized and precharacterized bulk MOF material
277without altering its particle properties. Two identical FTO
278electrodes were immersed in a colloidal suspension of either
279NiFe@PCN-777 or free PCN-777 (control experiment) in
280toluene, 0.7 cm apart from one another (Figure S6 in the
281Supporting Information). Then a constant voltage (120 V) was
282applied for 5 min between the two electrodes. After the same
283process was repeated six times, a homogeneous film was formed
284on the positive electrode (Figure 3b).53,54

285The morphology of the FTO-supported NiFe@PCN-777
286films was evaluated by SEM. Top-down micrographs of a
287representative sample are illustrated in Figure 3c and Figure S8
288in the Supporting Information. The images reveal a relatively
289homogeneous coverage with some degree of aggregation and a
290surface coverage estimated to ca. 32% (Figure S8), which is
291comparable to that reported for an [FeFe]-MOF film (33%).55

292The nearly identical morphology and particle size in

Figure 3. (a) Schematic representation of the EPD process for fabrication of NiFe@PCN-777 films. (b) View of FTO-coated glass electrodes (from
left to right: bare FTO and FTO coated with free PCN-777 and NiFe@PCN-777, respectively). Characterization of the NiFe@PCN-777 films by
(c) SEM (top-down view) and (d) SEM-EDX.
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293 comparison to those of the bulk NiFe@PCN-777 compound
294 attested to the retention of its structural integrity. These
295 morphological properties are highly reproducible between
296 different samples. EDX spectroscopy (Figure 3d) and ICP-
297 OES analysis (performed on a representative film after
298 digestion in concentrated HNO3) confirmed the 10:1 Zr:Ni
299 ratio observed in the bulk hybrid material, thus indicating the
300 absence of leaching during the EPD process. The approximate
301 content of NiFe in NiFe@PCN-777 films was also determined
302 by ICP-OES: taking into account the geometric surface area of
303 the electrode (2.8 cm2), the average surface concentration of
304 catalyst was found to be 2.6 × 10−9 mol cm−2 (see the
305 Supporting Information), corresponding to the equivalent of 20
306 monolayers of NiFe molecules (each NiFe molecule having a
307 projected area of 1.3 × 10−14 cm2; a monolayer corresponds to
308 a surface concentration of 1.3 × 10−10 mol cm−2).
309 Incorporation of NiFe into the mesoporous three-dimensional
310 structure of PCN-777 therefore led to a significant increase in
311 the catalyst loading, which is in the same range as for molecular
312 H2-evolving catalysts immobilized on multiwalled carbon
313 nanotubes (MWCNTs).16

314 2.2.2. Electrochemical Characterization and Electrocata-
315 lytic Studies for Proton Reduction. The electrochemical
316 properties of the NiFe@PCN-777 films were investigated by

f4 317 cyclic voltammetry (CV, Figure 4a) and compared to those of
318 the homogeneous NiFe complex.41 The CV of NiFe@PCN-
319 777 recorded in MeCN/0.02 M Bu4NClO4 displays a reduction
320 wave at Ep,c = −1.37 V versus Fc+/Fc and one much more
321 intense wave at −2.10 V with a shoulder at ∼−1.90 V. The peak
322 at −1.37 V corresponds to the reduction of NiII to NiI in the
323 guest molecule, and it is found approximately at the same
324 potential for the homogeneous NiFe system (E1/2 = −1.29 V;
325 see Figure 4a). The main difference is that the reversibility of
326 the signal was lost in the heterogeneous system. In fact, the
327 anodic peak at ∼−1.35 V found in the complete CV is not
328 related to the cathodic wave at −1.37 V (as shown by
329 comparison with the inset of Figure 4a). This indicates that a
330 chemical reaction follows the electron transfer process, which
331 was confirmed by the loss of intensity of the NiII/NiI redox
332 system from the first to the second scan. Mechanical
333 detachment of the film from FTO can be excluded, as a signal
334 stabilization was observed in the following CV scans. An
335 analogous evolution of the CV was previously observed for the
336 free NiFe complex in wet MeCN41 and was attributed to the
337 coordination of water to the NiI center. As mentioned before,
338 water molecules are abundant in the PCN-777 cavities, thus
339 supporting this hypothesis. The second reduction system of
340 NiFe (corresponding to the one-electron reduction of the
341 bipyridine scaffold) may correspond to the shoulder at ∼−1.90
342 V. It is substantially masked by a wave specific to the host,
343 peaking at −2.10 V in the hybrid material and measured at
344 −2.03 V for pristine PCN-777 coated on FTO. This redox
345 process was assigned to the reduction of water molecules
346 trapped in the PCN-777 pores. Indeed, the signal intensity
347 significantly decreases after drying the PCN-777-coated FTO
348 glass at 140 °C under high vacuum (activation conditions).
349 Integration of the one-electron reduction peak at Ep,c =
350 −1.37 V or coulometry during controlled-potential electrolysis
351 (CPE) at −1.4 V allowed an average surface concentration of
352 electroactive NiFe catalyst (Γ) inside the PCN-777 MOF of 9.6
353 × 10−10 mol cm−2 to be estimated (see the Supporting
354 Information). On the basis of the total surface concentration of
355 catalyst (see above), this implies that 37% of the NiFe units

356encapsulated in PCN-777 are electrochemically addressable.
357This fraction of electrochemically active complexes inside the
358PCN-777 film is surprisingly high when the intrinsic insulating
359character of MOFs is taken into account and when this fraction
360is compared to that in previously reported MOF (or COF) thin
361films, which typically exhibit a maximum 10% amount of
362electroactive centers.56−58 Systems based on redox-active
363frameworks such as Fe porphyrins based MOFs represent an
364exception (77% of electroactive centers).50 The high electro-
365activity of the NiFe@PCN-777 film is in agreement with the
366high current density of the CV signal, in comparison for
367example to the poorly detectable signals from reported MOF
368films incorporating [FeFe]-hydrogenase mimics.55,59

369We conclude that the observed current arises not only from
370the NiFe complexes residing at the interface between the
371electrode surface and the MOF particles but also from a
372considerable fraction of complexes trapped inside the MOF
373pores. This is likely a consequence of the high occupancy of the
374MOF pores (see Figure S1 in the Supporting Information) by
375the electroactive NiFe complex that favors an efficient redox
376hopping charge-transfer mechanism.60 The extra-large pore size

Figure 4. (a) CV of a NiFe@PCN-777 film on FTO (blue −),
compared to those of a PCN-777 film (black −) and free NiFe (red −,
0.2 mM solution) in MeCN/0.02 M Bu4NClO4. The inset displays the
first (−) and second (- - -) scans for the NiFe@PCN-777 film (first
reduction system). (b) CVs of 1 mM Et3NHBF4 solution in 0.02 M
Bu4NClO4/MeCN, in which the working electrode is bare FTO (black
−), PCN-777-modified FTO (red −) or NiFe@PCN-777-modified
FTO (blue −). The scan rate was 50 mV s−1, and potentials are
referenced to Fc+/Fc.
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377 in PCN-777 probably facilitates the diffusion of anions out of
378 the MOF, which is required to maintain electroneutrality.61

379 Addition of Et3NHBF4 (1 or 5 mM, pKa = 18.6 in MeCN) as
380 a proton source62 triggers a catalytic process at Ecat ≈ −1.90 V
381 (Figure 4b and Figure S9 in the Supporting Information), i.e.
382 on the top of the second reduction system of NiFe, similarly to
383 the homogeneous system.41 The current enhancement is
384 associated with the presence of NiFe in the PCN-777 cavities,
385 as evidenced from comparison of the H+ reduction peak
386 measured for NiFe@PCN-777-modified FTO with bare FTO
387 or free PCN-777-modified FTO. Controlled-potential elec-
388 trolysis (CPE) experiments performed at −1.85 V for 2 h in the
389 presence of 5 mM Et3NHBF4 confirmed the electrochemical
390 production of H2 (1.7 × 10−5 mol, corresponding to ∼2400
391 turnovers vs total NiFe catalyst in the case of inactive PCN-777
392 and FTO) with Faradaic yields of ∼70% (see Figure S10 in the
393 Supporting Information). Unfortunately, no significant differ-
394 ences in current densities and in H2 production were found in
395 favor of NiFe@PCN-777 vs free PCN-777 (both supported on
396 FTO) or bare FTO. This can be tentatively rationalized by (i)
397 the intrinsic electroactivity of FTO for H+ reduction at low
398 potentials and (ii) the presence of water molecules in the
399 cavities of both MOF materials, acting as proton relays and
400 efficiently promoting direct H2 evolution even in the absence of
401 NiFe. However, an insignificant fraction (less than 5%) of the
402 NiFe complex or of its Ni-containing evolution products
403 formed during catalysis were leached after 2 h electrolysis, as
404 attested to by ICP-OES measurements (see the Supporting
405 Information).

3. CONCLUSION

406 The inclusion of functional molecular components into the
407 cavities of a MOF is an area of active research, as it can lead to
408 the formation of a hybrid material with enhanced properties
409 with respect to the separated systems. Herein, we have reported
410 on the incorporation of a structural and functional model
411 complex of [NiFe]-hydrogenase, namely the H2-evolution
412 catalyst [LN2S2NiIIFeIICp(CO)]BF4 (NiFe),41 into the Zr-
413 based porous coordination network PCN-777 to form an
414 unprecedented [NiFe]-hydrogenase mimicking material.37 We
415 trapped the cationic complex into the MOF cavities by direct
416 encapsulation through noncovalent host−guest interactions, for
417 which only a few precedents have been reported.38−40 This
418 method allowed us to achieve similar catalyst loading (∼30%,
419 based on the NiFe:MOF linker ratio) in comparison to
420 covalently attached [FeFe]-hydrogenase mimics (∼14−35%
421 range),21,22,26,27 without requiring derivatization to introduce
422 anchoring functions. Our investigation reveals that direct
423 encapsulation is potentially exploitable for ionic complexes as
424 guests, but with more difficulties for neutral complexes.
425 The NiFe@PCN-777 material, processed in the form of a
426 thin film on a conductive glass substrate, is one of the very few
427 examples of reported electrocatalytic systems based on MOF-
428 type materials for the activation of small molecules23,50,56,57,63

429 (even if this material displays an electrocatalytic effect only on
430 the CV time scale). The paucity of MOF-based electrocatalysts
431 is likely due to the inherent poor conductivity of MOFs.64,65 In
432 the NiFe@PCN-777 film, we found a surprisingly high average
433 surface concentration of electroactive NiFe catalyst (corre-
434 sponding to 37% of the total amount of NiFe within the
435 MOF), indicating an efficient redox-hopping charge-transfer
436 pathway between NiFe units inside the framework and likely

437responsible for the electrocatalytic capabilities of the hybrid
438material for proton reduction.
439Heterogenization of homogeneous H2-evolving catalysts by
440simple encapsulation inside MOF frameworks therefore opens
441new avenues for the development of new bioinspired
442electrocatalytic materials. Current efforts by our groups focus
443on tuning the NiFe catalyst to promote catalysis at more
444positive potential (which will facilitate the achievement of an
445H2-evolving electrocatalyst on the CPE time scale) as well as on
446circumventing guest leaching by tuning pore dimensionality in
447the host network and optimizing host−guest fitting.

448■ ASSOCIATED CONTENT
449*S Supporting Information
450The Supporting Information is available free of charge on the
451ACS Publications website at DOI: 10.1021/acs.inorg-
452chem.7b01824.

453Experimental section, surface concentration calculations,
454digestion conditions for samples analyzed by ICP-OES,
455leaching experiments, differential pore volume distribu-
456tion, PXRD and DSC analyses, SEM images, cyclic
457voltammetry, and CPE experiments (PDF)

458■ AUTHOR INFORMATION
459Corresponding Authors
460*E-mail for P.P.: paolo.pelagatti@unipr.it.
461*E-mail for L.M.: luciano.marchio@unipr.it.
462*E-mail for M.G.: marcello.gennari@univ-grenoble-alpes.fr.
463ORCID
464Davide Balestri: 0000-0003-3493-9115
465Laurent Heux: 0000-0002-1934-4263
466Vincent Artero: 0000-0002-6148-8471
467Paolo Pelagatti: 0000-0002-6926-2928
468Luciano Marchio: 0000-0002-0025-1104
469Marcello Gennari: 0000-0001-5205-1123
470Notes
471The authors declare no competing financial interest.

472■ ACKNOWLEDGMENTS
473The authors are grateful to Monica Maffini (University of
474Parma) for ICP-OES measurements and to Isabelle Jeacomine
475of the ICMG Chemistry Nanobio Platform (Grenoble, France)
476for 13C CP/MAS NMR spectroscopy. The CIM (Centro
477Interdipartimentale di Misure) G. Casnati of the University of
478Parma is thanked for the instrument facilities. The authors
479thank for financial support the Partenariat Hubert Curien
480(PHC), the Universite ́ Franco-Italienne through the Galileo
481research program (grant nos. 34518XG and G15-78), and the
482“Agence Nationale pour la Recherche” (grant no. ANR-14-
483CE06_0002_01, CalixMo, including the financial support of
484the postdoctoral fellowship of Y.R., and grant no. ANR-16-
485CE92_0012_01, NiFeMim). This work has been partially
486supported by the Labex ARCANE (ANR-11-LABX-0003-01).
487CIRCC-Consorzio Interuniversitario di Reattivita ̀ Chimica e
488Catalisi is acknowledged for the research grant to D.B. V.A. is
489grateful to the Indo-French Center for the Promotion of
490Advanced Research (IFCPAR/CEFIPRA grant no. 5405-1).

491■ REFERENCES
(1) 492Nocera, D. G. The Artificial Leaf. Acc. Chem. Res. 2012, 45, 767−

493776.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b01824
Inorg. Chem. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01824/suppl_file/ic7b01824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01824/suppl_file/ic7b01824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01824/suppl_file/ic7b01824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01824/suppl_file/ic7b01824_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.7b01824
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.7b01824
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01824/suppl_file/ic7b01824_si_001.pdf
mailto:paolo.pelagatti@unipr.it
mailto:luciano.marchio@unipr.it
mailto:marcello.gennari@univ-grenoble-alpes.fr
http://orcid.org/0000-0003-3493-9115
http://orcid.org/0000-0002-1934-4263
http://orcid.org/0000-0002-6148-8471
http://orcid.org/0000-0002-6926-2928
http://orcid.org/0000-0002-0025-1104
http://orcid.org/0000-0001-5205-1123
http://dx.doi.org/10.1021/acs.inorgchem.7b01824
Paolo
Nota
move [37] as superscirpt after PCN-777



(2)494 Cook, T. R.; Dogutan, D. K.; Reece, S. Y.; Surendranath, Y.;
495 Teets, T. S.; Nocera, D. G. Solar Energy Supply and Storage for the
496 Legacy and Nonlegacy Worlds. Chem. Rev. 2010, 110, 6474−6502.

(3)497 McKone, J. R.; Marinescu, S. C.; Brunschwig, B. S.; Winkler, J. R.;
498 Gray, H. B. Earth-abundant hydrogen evolution electrocatalysts. Chem.
499 Sci. 2014, 5, 865−878.

(4)500 Dempsey, J. L.; Winkler, J. R.; Gray, H. B. In Comprehensive
501 Inorganic Chemistry II, 2nd ed.; Poeppelmeier, K., Ed.; Elsevier:
502 Amsterdam, 2013; pp 553−565.
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