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Understanding How in Situ Generated Hydrogen Controls the Morphology of Platinum Nanoparticles

Small adsorbed molecules play a key role in the morphology of inorganic nanoparticles. The presence of in situ generated hydrogen during the synthesis of platinum nanoparticles is found to drive the growth of cubic nanocrystals, but little is known about the processes occurring at the molecular level. In this paper, we use standard ab initio calculations to show that hydrogen preferentially adsorbs on (100) Pt facets compared to (111) stabilizing the cubic morphology. Moreover, we provide experimental and theoretical evidence that moderate partial pressure of hydrogen is needed to obtain nanocubes. In the absence of hydrogen, or for low partial pressures, small nanoparticles with undefined shape are formed; however, longer exposure to hydrogen pressure around 1 atm leads to the formation of cubes. Finally, this theoretical result allows presenting an experimental protocol to be used to obtain platinum nanocubes with different degree of truncation.

predict the stability of the nano-objects. In the present paper, the 46 goal is to emphasize the role of a byproduct generated during the 47 chemical synthesis in the final nanoparticle morphology. We 48 focus here on the specific case of platinum. We use ab initio 49 calculations to explain how the presence of in situ generated H 2 50 drives the formation of cubic nanoparticles. We also explain the 51 impact of the experimental conditions, namely, the partial

■ INTRODUCTION

Many physical and chemical properties depend on the shape of the particles forming the material, [START_REF] References | Complex-Shaped Metal Nanoparticles: Bottom-up Syntheses and ApplicationSau[END_REF] hence the challenge of controlling the crystal morphology in a wide range of scientific and technological applications. The chemical route is largely used to control the shape of inorganic nanocrystals, although there is still no theoretical drawback of the main forces driving it. Despite many studies found in the literature, the theoretical and computer simulation of nanoparticles' synthesis and growth are still in the initial stage of development, and most of these works do not take into account the complexity of the chemical synthesis. It is still paramount to explain the mechanisms at the origin of the uniformity of shape. Indeed, the field is still wide open to future research aiming at identifying the conditions to control the nanomorphology.

In the chemical synthesis of the nanocrystals, the chemical bath possesses a complex composition containing various reactants, solvents, surfactants, (counter)ions, and impurities. Moreover, during the reaction, byproducts can be formed, which could play a role in the nuclei formation and the following 38 nanoparticles' growth. [START_REF] Petit | Platinum and Paladium Nanocrystals: Soft Chemistry Approach to Shape Control from Individual Particles to their Self-assembled Superlattices[END_REF] For instance, the role of dissolved gas H 2 39 on the shape control of platinum nanocrystals has recently been 40 demonstrated experimentally. [START_REF] Salzemann | Influence of Hydrogen on the Morphology of Platinum and Palladium Nanocrystals[END_REF] Some authors also report the role 41 of halide, ligands, or adsorbed CO on the nanomorphology. 4-6 42 Besides, the role of the initial shape of the nanocrystals and the 43 growth kinetics have been emphasized. [START_REF] Petroski | Kinetically Controlled Growth and Shape Formation Mechanism of Platinum Nanoparticles[END_REF][START_REF] Xia | Shape-Controlled Synthesis of Metal Nanocrystals: Simple Chemistry Meets Complex Physics?[END_REF] Beyond the exper-44 imental recipe, a theoretical approach is needed to rationalize and added under stirring to 10 mL of the obtained organic solution containing the metallic complexes. A freshly prepared aqueous solution of NaBH 4 (10 mL, 1 mol•L -1 ) is dropwise added under stirring, yielding to an emulsion. This induces the reduction of the metallic salt at the interface of the organic and aqueous phases. Both the reducing agent and the capping agent are added in large stoichiometric excess relative to the platinum (NaBH 4 / Pt 4+ =160:1 and CA/Pt = 96:1). The emulsion turns relatively fast from orange to dark brown. The reaction takes place for one night after what the stirring has removed, and the organic phase, containing the metal nanoparticles, is collected and evaporated using a Rotavapor. The black paste obtained is then washed with 40 mL of ethanol. Then, the turbid solution is centrifuged, and the supernatant is discarded. This operation is repeated twice.

After the last centrifugation, the precipitate is redispersed in 4 mL of toluene. The final solution contains the coated C 8 NH 2 nanoparticles in toluene.

Procedure II: Reduction Followed by the Addition of Capping Agent. In this case, the freshly prepared aqueous solution of NaBH 4 (10 mL, 1 mol•L -1 ) is dropwise added under stirring to 10 mL of the organic solution containing the metallic complexes. The reduction occurs in the emulsion phase, at the interface of the organic and aqueous phases, which results in a color change from orange to dark brown. After 60 min (ripening time τ rip ), 6. 10 -3 mol of octylamine is then added. The chemical bath is kept under stirring for one night, and then the nanocrystals are extracted following the procedure described above. The final solution contains the coated C 8 NH 2 nanoparticles in toluene.

Environmental Effect. The synthesis of Pt NCs has been performed both in the presence and in the absence of hydrogen atmosphere under glovebox with outgassed solutions.

Hydrogen is naturally produced by the chemical reduction. To perform the reaction under saturated H 2 atmosphere, a closed screw cap with three ports is used, and both the reducing and the capping agent are injected through a silicone septum. In order to see the influence of hydrogen atmosphere on the nanoparticles, we performed the same syntheses with open screw cap and by bubbling N 2 into the chemical bath, during and after the reduction, to drive out the hydrogen formed.

In order to see the influence of the overpressure of H 2 (see Discussion and Figure 7), the capping agent is added at a specific time, not using the silicon septum but opening the vessels. This yields to a drastic decrease of the overpressure.

The TEM micrographs are obtained on a JEOL 1011 apparatus, HRTEM are obtained on a JEOL 2010.

Computational Methods and Models. The VASP code [START_REF] Kresse | Ab Initio Molecular Dynamics for Liquid Metals[END_REF][START_REF] Kresse | Ab Initio Molecular-Dynamics Simulation of the Liquid-Metal-Amorphous-Semiconductor Transition in Germanium[END_REF] is used with the revised Perdew-Becke-Erzernhof functional rPBE. The core electrons are represented by pseudopotentials generated by the projector augmented wave (PAW) method. [START_REF] Blochl | Projector Augmented-Wave Method[END_REF][START_REF] Kresse | From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method[END_REF] The valence electrons (Pt: 10; N: 5; C: 4; H: 1) are described by plane-wave basis sets with a cutoff of 400 eV. A 5 × 5 × 1 k-points scheme is used in the Brillouin zone. The following unit cells were used (100): c2 × 2, 5.635 × 5.635 × 35 Å 3 ; (111): 2 × 2, 5.628 × 5.628 × 35 Å 3 , including a vacuum of ∼20 Å to prevent interaction between successive slabs. The thickness of the slabs is five layers, each layer containing four Pt atoms, see Figure 2. The unit cells are chosen to have similar surface area and equal composition of the slab (20 atoms each) so that the total energy can be easily compared. The three uppermost Pt layers are relaxed during the optimization procedures together with the adsorbates, and the two bottom layers are frozen to the ideal bulk positions. The ionic 177 convergence is achieved for total energy until the difference was 178 below 1 meV; the conjugate gradient method was employed. 179 Periodic DFT has been successfully used in the past to describe 180 adsorption systems and gold self-assembled monolayers. 16,17 181 Dispersion forces have been included as implemented in the 182 Grimme-D2 approach, [START_REF] Grimme | Semiempirical GGA-type Density Functional Constructed with a Long-Range Dispersion Correction[END_REF] for the adsorbates and the first slab layer 183 as in ref 19. The parameters used are given as Supporting 184 Information.

185

We consider the reaction of adsorption between the slab and N 186 molecules of type M (hydrogen or octylamine)

+ • = - slab N M [slab NM] 187 (1) 188
The stability of a given slab may be calculated as the reaction 189 energy associated with eq 1

μ Δ = - - - G G G N r [ s l a b N M ] s l a b M 190 (2)
191 where G i are the Gibbs free energies of the covered and bare 192 slabs, μ M is the chemical potential of the adsorbate M. Because we 193 are interested in the relative stability between bare and covered 194 slabs, volume and entropy changes can be neglected assuming 195 that they are equal for the two slabs. The Gibbs energy can then 196 be replaced by the internal energy of each slab as directly 197 obtained from the total-energy calculations. We have chosen the 198 (111) termination as reference for the bare slab, and the 1/2H 2 (or octylamine) gas-phase energy as reference for the covered slabs.

■ RESULTS AND DISCUSSION

Platinum nanocrystals (NCs) are obtained from chemical reduction by an aqueous solution of sodium borohydrate (NaBH 4 , reducing agent) of a metallic salt solubilized in toluene. [START_REF] Salzemann | Influence of Hydrogen on the Morphology of Platinum and Palladium Nanocrystals[END_REF][START_REF] Demortieres | Shape-Controlled Platinum Nanocubes and Their Assembly into Two-Dimensional and Three-Dimensional Superlattices[END_REF] To stabilize the nanoparticles, octylamine molecules (C 8 H 17 NH 2 , surfactant agent denoted as C 8 NH 2 ) are used as passivating agent that can be added either before (procedure I) or 1 h after (procedure II) the addition of the reducing agent. [START_REF] Salzemann | Influence of Hydrogen on the Morphology of Platinum and Palladium Nanocrystals[END_REF] In such a synthesis, the chemical reduction takes place at the water/ oil interface under stirring which allows separating the nucleation and the growth steps, yielding to calibrated nanocrystals with low size dispersion. [START_REF] Petit | Nucleation and Growth of Bimetallic Nanoparticles[END_REF] In this synthesis, the passivating agent is weakly bound to the metallic surface (physisorbed) and the reaction produces hydrogen spontaneously. Thus, a competition occurs between C 8 NH 2 and H 2 in interaction with the metallic surface, allowing the size and shape control of the nanoparticles. [START_REF] Salzemann | Influence of Hydrogen on the Morphology of Platinum and Palladium Nanocrystals[END_REF] In order to investigate such competition, the order of addition considered in procedures I and II has been studied, whereas the role of the in situ generated hydrogen has been evidenced by carrying out synthesis in the presence and in the absence of hydrogen. The presence of a moderated pressure of H 2 is achieved by working with closed vessels, whereas the absence of H 2 is studied by bubbling N 2 during the reaction that drives out the hydrogen formed.

f1 Figure 1 shows the coated C 8 NH 2 -Pt NCs obtained after extraction and redispersion in toluene. To minimize the external factors, they are synthesized under glovebox with outgassed solutions, as O 2 perturbs the formation of platinum nanocrystals. [START_REF] Demortieres | Shape-Controlled Platinum Nanocubes and Their Assembly into Two-Dimensional and Three-Dimensional Superlattices[END_REF] The Pt nanoparticles obtained from procedure I in the presence (Figure 1A) or in the absence (Figure 1B) of hydrogen are characterized by a mean diameter of around 2.4 nm and a size dispersion of 21%. No clear size and shape effect is observed between both samples. In contrast, the synthesis performed by procedure II leads to drastic changes of both size and shape of the nanoparticles. Indeed, 4.5 nm Pt nanocubes having 13% size dispersion are obtained in the presence of hydrogen (Figure 1C), and platinum nanowires characterized by a cross sectional diameter of 2.0 nm have been obtained without hydrogen (Figure 1D). Thus, the synthesis conditions (i.e., the presence or absence of H 2 in the solution) together with the order of addition of the capping agent, strongly influence the platinum nanomorphology. In the following, we will investigate theoretically the respective role of these different elements on the shape control.

Periodic DFT calculations have been carried out to compute the stability of the terminations of (111) and (100) slabs. The bare (111)-terminated slabs are found to be more stable than the (100)-terminated ones in agreement with the literature, [START_REF] Vitos | The Surface Energy of Metals[END_REF] and thus in vacuum conditions, octahedral particles are expected to be formed. For the covered slabs, we have considered the interaction of hydrogen and of the surfactant octylamine. For the hydrogen case, we consider the adsorption of 1 to 8 hydrogen atoms on the slabs. Experiments and calculations find that there exist low barrier pathways for the dissociation of dihydrogen on f2 Pt, [START_REF] Luntz | Molecular Beam Studies of H 2 and D 2 Dissociative Chemisorption on Pt(111)[END_REF][START_REF] Olsen | Atomic and Molecular Hydrogen Interacting with Pt(111)[END_REF][START_REF] Pijper | The Effect of Corrugation on the Quantum Dynamics of Dissociative and Diffractive Scattering of H 2 from Pt(111)[END_REF] so we consider only atomic hydrogen. Figure 2 displays the optimized systems for all the compositions considered. It is literature for similar computational approaches. [START_REF] Ford | Atomic and Molecular Adsorption on Pt(111)[END_REF][START_REF] Ferrin | Absorption And Diffusion on and in Transition Metal Surfaces: A DFT study[END_REF] As regards the adsorption site, hydrogen is found to adsorb on bridging sites for the (100) slab and a mixture between bridge, top, and hollow sites for the (111) slab, in agreement with previous calculations. [START_REF] Ford | Atomic and Molecular Adsorption on Pt(111)[END_REF] The adsorption of octylamine is also computed for comparison. The molecule is found to adsorb on quasi-top sites in both surfaces, tilted 27°from the vertical of the slab (see f3 Figure 3). The calculated adsorption energies for the two slabs shown in Table 1 are very similar: -1.16 eV (111) and -1.19 eV (100). These results indicate that C 8 NH 2 adsorbs more strongly than hydrogen on the Pt surfaces. Contrary to the hydrogen adsorption, the octylamine molecule has no clear preference for a given termination. In the following, we will focus on the hydrogen adsorption, because experiments and theoretical results highlight its crucial role in the synthesis.

The shape of platinum nanoparticles can be qualitatively predicted from the ab initio calculated adsorption energies. The most exposed planes will be those growing more slowly (i.e., the most stable). Taking the ratio of the adsorption energies on each 
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where G i are the Gibbs free energies of the covered and bare 304 slabs, μ M is the chemical potential of the reactant M, N being its stoichiometric coefficient. This formulation allows a direct comparison of the most stable surfaces for different composition: a straight line with slope -N can be plotted as a function of μ M for different content in M. For a given chemical potential, the predominant surface will be that of lower energy. This approach is well-suited to our case study, because in the experimental synthesis, the chemical environment is the same for the two terminations (111) and (100). The ΔG diagrams for all the hydrogen-covered calculated slabs are presented in Figure S2.

We have represented the most stable hydrogenated slabs for the two terminations taking as reference the most stable (111) slab in f5 Figure 5. It can be observed that for low (very negative) hydrogen chemical potentials, the most stable system is the bare (111) slab. At Δμ H values between -0.23 eV and -0.20 eV, the 1H-(111) covered slab is the most stable, whereas for higher Δμ H values, the 7H-(100) slab becomes the most stable system. These where μ is the chemical potential, μ 0 is the standard chemical 333 potential (tabulated), K B is the perfect gas constant, T is the 334 temperature, and p/p 0 the pressure/standard pressure. Taking 335 the value of chemical potential for which the (100) hydrogenated 336 slab starts being dominant Δμ H = -0.20 eV (Figure 5), and at 337 room temperature, the corresponding pressure obtained by eq 3 338 is 1.18 atm.

■ DISCUSSION

340 The results presented above allow us to explain two experimental 341 facts. First, the findings help explain the order of addition of the 342 reactants during the synthesis. In procedure I, the surfactant is 343 added before the reducing agent. The higher affinity of 344 octylamine for the platinum surfaces compared to hydrogen 345 (adsorption energy around -1 eV for C 8 NH 2 , -0.5 eV for H 2 , 346 see Table 1) make the surfaces being covered by C 8 NH 2 . Because 347 octylamine has no preference for (111) or (100) surfaces, the 348 particles do not show a preferential termination. The particles 349 obtained by this procedure are therefore small and isotropic. In procedure II, the reducing agent is added first, and the in situ generated hydrogen in contact with the metallic particles stabilizes the (100) termination and promotes the formation of cubic shapes. The subsequent addition of octylamine would displace the surface hydrogen due to its higher affinity for platinum, stabilizing the cubic shape. These results are f6 summarized schematically in Figure 6.

Second, moderate pressures of hydrogen are needed to obtain the nanocubes, which means high chemical potential of hydrogen. According to the ΔG diagram of Figure 5, at Δμ H = -0.20 eV, the (100) termination responsible for the cubic shape starts being the most stable. Translating the chemical potential into pressure using eq 3 gives a H 2 pressure of 1.18 atm. This pressure is obtained experimentally by using closed vessels.

When the capping agent octylamine is added, it displaces hydrogen on the surface and protects the particle. Hence, the In procedure I, the capping agent is added first, so octylamine stabilizes the (111) termination; in a second step, the reducing agent is added, the hydrogen formed is not able to displace it, and small isotropic particles are formed. In procedure II, the addition of the reducing agent takes place first, and H 2 is formed and preferentially stabilizes the (100) termination. The higher affinity of octylamine for the platinum surfaces displaces the hydrogen, and the cubic shape is preserved. 

Figure 1 .

 1 Figure 1. TEM images of platinum nanocrystals coated by octylamine and redispersed in toluene. A drop of solution is deposited on a TEM grid. (A) and (B) Synthesis made following the procedure I (i.e., capping agent added before the reducing agent) in the presence (A) or in the absence (B) of hydrogen. (C) and (D) Synthesis made following the procedure II (i.e., capping agent added af ter the reducing agent) in the presence (C) or in the absence (D) of hydrogen.

  Figure S1, where the adsorption per H atom is always more

Figure 2 .

 2 Figure 2. Most stable structures for bare slabs (top) and hydrogen-covered slabs (bottom). The 1 × 1 unit cells are displayed: b, bridging; t, top; h, hollow. Red circles indicate H 2 molecules.

  287 of the slabs, E ads (100)/(111) can be used as a measure of the 288 relative stability of the (100) slab with respect to (111). A sketch 289 f4 of the so-calculated shapes is displayed in Figure 4. For 290 E ads (100)/(111) values close to 1, the two terminations are 291 almost equivalent in energy and will expose the same area leading 292 to truncated octahedral morphology. As the E ads (100)/(111) 293 value becomes higher than 1, the (100) termination becomes 294 more stabilized, and the particle tends to form a cubic shape; the 295 opposite behavior leads to octahedral-shaped particles. 296 In order to compare the relative stability of the slabs under the 297 same external conditions we have carried out a thermodynamic 298 analysis. The stability of a given slab in the presence of an external 299 reactant M may be calculated as the reaction energy associated 300 with eq 1a

Figure 3 .

 3 Figure 3. Top and side views of the C 8 NH 2 molecule adsorbed on the model slabs. Angles in degrees, N-Pt distance in Å.

Figure 4 .

 4 Figure 4. Morphology of Pt particles predicted from ab initio calculations. The adsorption energy of a reactant on each slab serves to compute the exposed area of each termination. The ratio between the adsorption energies E ads (100)/(111) is a measure of the shape: the particle is cubic (values higher than 1.6), octahedral (values lower than 0.7), or truncated (intermediate values).

  321 data allow us to make the following interpretations: (i) High 322 content of hydrogen is needed to hydrogenate the platinum 323 slabs. The Δμ H = -0.23 eV is indeed a large value compared to 324 metal oxides (-2.21 eV for ZnO, for instance 27 ). (ii) The most 325 stable hydrogenated slab corresponds to the (100) termination, 326 and the hydrogenated (111) slabs is stable only in a narrow range 327 of hydrogen chemical potentials (i.e., between -0.23 and -0

Figure 5 .

 5 Figure 5. Diagrams of ΔG vs Δμ for the H-covered and C 8 NH 2 covered slabs. The most stable system corresponds to the lowest energy line. For the Hcovered slabs, the chemical potential represented here is relative to 1/2H 2 and is denoted as Δμ H , indicating that only Δμ H < 0 are meaningful (above this value H 2 would condensate).

Figure 6 .

 6 Figure 6. Scheme of the two experimental protocols used in the chemical synthesis. In procedure I, the capping agent is added first, so octylamine stabilizes the (111) termination; in a second step, the reducing agent is added, the hydrogen formed is not able to displace it, and small isotropic particles are formed. In procedure II, the addition of the reducing agent takes place first, and H 2 is formed and preferentially stabilizes the (100) termination. The higher affinity of octylamine for the platinum surfaces displaces the hydrogen, and the cubic shape is preserved.

Figure 7 .

 7 Figure 7. High-resolution TEM images of platinum nanocrystals coated by octylamine and redispersed in toluene. A drop of solution is deposited on a TEM grid. Syntheses are completed following the procedure II, but the capping agent is added (A) 45 min after the reducing agent, (B) 60 min after the reducing agent, and (C) 90 min after the reducing agent.

  

Table 1 .

 1 Calculated Adsorption Energy for the Hydrogenated and Octylamine Covered Slabs a

		E ads (111)	E ads (100)	E ads (100)/ (111)	predicted shape
	0H	-112.35 c	-110.49 c	0.98	truncated octahedron
	1H	-0.41	-0.53	1.29	cube
	2H	-0.38	-0.52	1.36	cube
	3H	-0.29	-0.52	1.77	cube
	4H	-0.35	-0.51	1.47	cube
	5H	-0.21	-0.46	2.17	cube
	6H	-0.23 b	-0.41	1.76	cube
	7H	-0.17 b	-0.37	2.20	cube
	8H	-0.16 b	-0.31 b	1.95	cube
	C 8 NH 2	-1.16	-1.19	1.03	truncated octahedron

a Values are in eV, calculated as

E ads = (E NM -E slab -NE M )/N,

where M is 1/2H 2 or C 8 NH 2 molecule calculated in the gas phase, and E slab refers to the reference energy for each slab. E ads (100)/(111) measures the relative stability of the two terminations: values >1 indicate predominance of cubic, values <1 indicate predominance of octahedral particles, and values close to 1 indicate truncated cubes. b Molecular H 2 is formed. c Total energy.
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