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Abstract

Nickel complexes have recently been presented as prospective catalytic materials for
hydrogen H evolution by hydrolysis of sodium borohydride NaBWn attractive complex is

nickel hydrazine nitrate [Ni(PH4)3][NOgs], for which little variations in the synthesis
procedure result in different morphologies like hexagonal plates, clews and discs. In our
conditions, the clews have the better catalytic activity owing to more defects and more active
sites. There is an effect of the morphology on the catalytic activity. However; gxkdtion

curves (regardless the initial morphology) show an induction period during which the
complex (purple violet in color) evolves into a catalytically active form (fine black powder).
The evolution is featured by changes in morphology and chemical state of nickel. The
catalytically active form is even more active than the pristine complex: it shows a higher H
generation rate (three times higher in the best case). The starting complexes and the “reduced”
counterparts have been then characteriegd $EM, FTIR, XRD, XPS) to better understand

the aforementioned evolutions. One of our main conclusions is that there are some marked
analogies between our nickel-based catalysts and the much-investigated cobalt-based
catalysts.
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1. Introduction

Hydrolysis of sodium borohydride NaBHss a simple approach for the generation of high
amounts of hydrogen4at 10-80°C and under atmospheric pressiite [

NaBH; (aq) + 4H0 () ~ NaB(OH) (aq) + 4H, (9) (1)

The attractive features of the reaction have badelwdiscussed in the open literature within
the past two decades. One may cite three of thathohthe generated Atomes from water
H,O [2]; the couple NaBkH,O is able to achieve higheffective gravimetric hydrogen
storage capacitieg.¢. 6.5 wt%) than the other material-based solutiomestigated so far for
chemical H storages[; and, the H generation rates are readily tuned by changingakedyst
and/or the operating condition§ [ This however should not hide the fact that #ction has
also drawbacks, the main three being: the storagerersibility implying a difficult
regeneration of the spent fuel NaB(QHb]; the recurring catalyst deactivatioy];| and the
presence of borates in the Btream J]. Nonetheless hydrolysis of NaBHas shown to still

have real industrial and application prospesgis [

Accelerating the bl generation has been one of the most investigaspdcts. Numerous
homogenous and heterogeneous accelerators have cbesidered so far but the most
prominent ones have been non-noble metal-basedogeteeous catalystg][ Cobalt is the
leading catalytic metal. It is a promising optiowiog to low cost and high catalytic activity
[9]. Yet its development is somehow hindered by #Het that it faces a recurring deactivation
problem B]. Another potential catalytic metal is nickel. Thest works date back the first half
of the 2000s. In 2003, Hua al. reported a nickel boride MB catalyst being active for the
release of Kat a rate of about 240 mLgHmMIn™ guixe ~ [10]. In 2004, Kimet al. described
pasted filamentary nickel as an active catalyst timvever gradually loses activity with
cycling [11]. The catalytic activity degradation was explairtgg an agglomeration of the
catalyst as well as the formation of a film on fgested catalyst. The film was found to be
mainly composed of borate species. Thereafternabeu of alternative nickel-based catalysts
emerged. Examples are as follows: nickel (II) sgl®; nickel nanoclusterslB]; bimetallic
catalysts like NiRu J4]; trimetallic nanoparticles like NiAuColf]; nanocomposites with
polymers [L6] or silica [L7]; and nickel nanoparticles supported on@€[18] or on reduced
graphene oxide-branched polyethyleneimine aerd@g}l Recently new materials have been
suggested as potential nickel-based catalystaagtial. focused on coordination chemistry

to propose a complex based on the interactionetthpty orbital of a nickel cation and the



lone pair electrons of ligands with nitrogen anggen atomsZ0]. The nickel-5-amino-2,4-
dichlorophenol-3,5-dtert-butylsalisylaldehyde complex was prepared and @sedatalysts
in hydrolysis of NaBH. It was found to accelerate the reaction and thametain 72% of its
initial activity after a sixth use. Better perfornta in terms of activity and stability was

afterwards achieved when the complex was supportiedumina p1].

Recently, we focused on the nickel hydrazine retcamplex [Ni(NH4)3][NO3]2 (Figure S1).

It is a coordination compound where the hexacoatéith metallic center is complexed by
three NH, bidentate ligands. The overall charge of [Ni)3]*" is neutralized by two N
anions. Since 1997, it has been mainly considesedd energetic propertie€3-24]. In the
present work, the complex was considered as a flteatalyst for hydrolysis of NaBHWe
had three scientific objectives) §ynthesizing morphology-controlled complexesa simple
experimental procedure and studying the effecthefrhorphology on the catalytic activity;
(i) investigating the evolution of the morphology wasll as that of the chemical state of
nickel after the hydrolysis reaction, knowing thhe reaction takes place in a reducing
medium; (ii) and assessing the potential of such catalysterms of activity and stability
(i.e. catalyst reusability) over cycles. Herein are enésd our main results.

2. Experimental

The morphology-controlled nickel hydrazine nitratemplexes were prepared according to a
procedure described elsewhegd][ Three different morphologies were targetédi{le S1).
Hexagonal plate-like morphology (denoteMHN) was obtained at room conditions and as
follows. In a 250-mL beaker, 0.17 g of nickel (hjtrate hexahydrate (Ni(N§pBH.O;
Sigma-Aldrich) was weighted. 15.6 mL of an aquesalsition of polyvinylpyrrolidone (PVP;
(CeHgNO)sg6, 40000 g mat'; Sigma-Aldrich) at 1 mM was added under stirrirggulting in a
green solution. Then, 2.1 mL of hydrazine hydrateH,H,0; 64-65 wt%, reagent grade
98%; Sigma-Aldrich) was added dropwise. After tinstfdrop the solution turned blue. Upon
the addition of hydrazine, the mixture was ultrasated for 15 min, resulting in the
formation of a purple violet precipitate, in goodreement with the color of the nickel
hydrazine nitrate complex-(gure S2) [22-25]. The solid was separated by centrifugation
(6000 rpm; 10 min), the process being interspetsedwo washings with deionized water
(Millipore milli-Q, resistivity >18.2 M2 cm) and one with ethanol. The solid was finally



dried at 60°C for 12 h. Clew-like morphology (dezabtNHN) was obtained according to a
similar procedure except that two parameters ctéhnbee volume of hydrazine hydrate was
decreased to 0.52 mL and the ultrasonication tiras iucreased to 1 h. With respect to the
disc-like morphology (denotedNHN), the PVP solution was substituted by an aqueous
solution of polyethylene glycol (PEG; H(OGEH,)ssOH; 4000 g mol-; Sigma-Aldrich) at 1

mM; the volume of hydrazine hydrate was 0.52 mld #re ultrasonication time was 15 min.

Visual inspection of the morphology-controlled retkhydrazine nitrate complexes were
carried out by optical microscopy (Leica ICC50WHatanning electron microscopy (SEM;
Hitachi S4800). Structural analyses were performeyg Fourier-transform infrared
spectroscopy (FTIR; Thermo Fisher Nexus; attenuatatél reflection mode (ATR;
DuraSamplIR); 4000-700 cih 32 scans)M'B nuclear magnetic resonance (NMR; Bruker
AVANCE-300; probe head BBO10 operated at 96.29 MBKD as reference), arttB magic
angle spinning (MAS) NMR (Varian VNMR 400 spectraere 128.4 MHz). Crystallographic
analyses were done by X-ray diffraction (XRD; PAN&al X’PERT Pro; Cu-Kx radiationA

= 1.5406 A; working voltage 40 kV and working curte80 mA). For pattern matching,
PANalytical X'Pert HighScore software and the afal# crystallographic databases (PDF-4+
v. 4.1403) were used. Surface analyses of the notrgir-controlled nickel hydrazine nitrate
complexes were performed by X-ray photoelectrortispscopy (XPS; ESCALAB 250 from
Thermo Electron; monochromatic source Al Kay 1486.6 eV; analyzed surface of 400 um
diameter; binding energies (BE) of all core lewelferred to the €C of C1s carbon at 284.8
eV). Thermal analyses of the hydrolysis by-produete carried out by thermogravimetric
analysis (TGA; TA instruments Q500) and differents@anning calorimetry (DSC; TA
InstrumentQ20). For both techniques, ~10 mg of sample wab/zed under the following
conditions: 25-400°C, heating rate of 5 °C thimnd N flow of 60 mL min™.

The hydrolysis experiments were performed on otalgdic set-up based on the inverted-
burette method. It is made up of a reactor (Schtgpk tube), a cold trap, and an inverted
burette filled with blue-colored water. In the paswork, the hydrolysis conditions were as
follows: 80°C; 11 mg of catalyst (10 wt% of the pbaicatalyst-borohydride); 2 mL of an
aqueous alkaline (NaOH at 0.5 M) solution of NaBHOO mg, corresponding to 90 wt% of
the couple catalyst-borohydride). The molar ratg@®@HNaBH, was 42, implying an excess of

water in relation to the stoichiometric reactiorowh by Eq. 1. Lower temperatures were



applied for the determination of the apparent atidbn energies with the help of the
Arrhenius equation. The variation of the volumeHafwas systematically video-recorded to
be computationally exploited and to plot the tinependent bl evolution curve. The H
generation rate was determined over the lineargidhe H evolution curvei(e. slope of the

curves).

3. Results and discussion

3.1. Characterization of the complexes

The nickel hydrazine nitrate (denoted aldHN) complexes were targeted in three
morphologies: hexagonal plates, clew-like objeesd discs. They are denotédNHN,
cNHN anddNHN respectively. The successful synthesis of eaclhege morphologies was
first visually verified by optical microscopy-(gure S3). The presence of hexagonal plates
and discs are confirmed fdiNHN and dNHN. Spherical shapes similar to clew-like
morphologies can be seen fMHN. A precise observation was performed by SEM(re

1). hNHN mainly consists of hexagonal plate-like objects afifout 3 um. Clew-like
morphologies of equivalent size are also seen. BRHN, shapes that can be compared to
clews were observed. They are big, with sizes @ftgn. However there are other objects of
smaller size and of different shapes. The SEM imafggNHN shows a binary mixture of
discs and clew-like morphologies. The mixture isnlegeneous in terms of size, with an
average of 2 um. Our observations are in quite gogréement with those reported in the

seminal work 5].

The samplebNHN, cNHN anddNHN were analyzed by FTIR spectroscopyo(re 2). The
spectra are identical for the three morphologidseyTshow bands in the stretching and
deformation regions of both of the-N and N-O bonds $4,26-28]. The spectra were also
compared to the spectrum of another nickel hydeaziomplex,i.e. [Ni(N2H4)3][Cl] 2 [29].
Parallels were found for the-l and N-N vibrational bands. Our spectroscopic observations

are in accordance with the formation of the comphikN ;H,)3][NO3]>.

The XRD patternsKigure $4) are identical fohNHN, cNHN anddNHN. They match the
pattern of [Ni(NH4)3][NO3]. reported elsewhere&(] where it revealed a trigonal structure,

with a space group-3cl.



XPS analyses were performed and similar spectra wétained fohnNHN, cNHN and
dNHN (Figure S5). The binding energies (BE) were ascribed withibkp of the NIST XPS
database J1]. For Ni 2pl/2 ég. 873.6 eV forhNHN) and Ni 2p3/2 €g. 855.9 eV for
hNHN), the BEs Figure 3) are consistent with values reported fof 'Nin e.g. complexes).
For N 1s, there are two signals, at 400.1-400.&e¥ 406.3-406.8 eViH(gure 4). They may
be respectively attributed to amine/hydrazine aitchte groups found in metal complexes.
The XPS data are thus in good agreement with tHeaular structure [Ni(bH4)3][NO3]».

3.2. Catalytic activity of the complexes

The catalytic activity ohNHN, cNHN anddNHN was assessed for the generation pbi
hydrolysis of NaBH at 80°C. The K evolution curves are shown Fgure 5. They look
sigmoidal and the curve can be divided into thraesp

The first part corresponds to the first minuteshaf reaction during which the;Hvolution
gradually increases. It resembles to the indugtienod generally reported for cobalt-based
catalysts §,9]: during this period, the catalyst surface is sfanmed (often reduced) into a

catalytically active form.

The second part of the curves is the linear pait tlue to the proper hydrolysis of NaBH
[32], where the H generation rate is constant. It is calculateded ©.2, 14.2 and 17 mLgH
min~* for hANHN, dNHN andcNHN respectively. Expressed in L{Hmin™ gunn ™, the rates
are 0.93, 1.29 and 1.55 respectively. The bettedyter activity of cNHN is explained by a
higher number of active sites owing to more surfdeéects Figure 1). With respect to
dNHN, it is more active thahNHN. This can be due to the presence of clew-likeiglast
(Figure 1). In comparison to previously reported catalydisthe catalytic activity ohNHN,
cNHN anddNHN is average. With respect to the salisylaldimingkal complex reported by
Kiling et al. [20], a rate of 2.24 L(k) min™ geomplex - Was found at 30°C, such a performance
being explained by the relatively high specificfage area of 48.5 hg™’; the rate was even

improved by a factor of 28 by supporting the complato aluminaZ1].

The third part of the plevolution curves is characterized by rates drappin0 mL(H) min™

because of the depletion of NaBid the slurry (end of the reaction).



In order to calculate the apparent activation epnetbe temperature of the hydrolysis
experiment was varied from 50 to 80°C. Predictattlg, B generation rates (determineic

the linear part of the curves) were found to drafnwhe decrease of the temperaturgy(res

S6 to S8). They were injected in the Arrhenius equatiomplat their Napierian logarithm as a
function of the reverse of the temperature in Kelfdigure S9). The slope of the as-obtained
line was multiplied by R = 8.314 J mblK™ to get the apparent activation energy, namely,
38.7 + 5, 48.7 + 4 and 49.5 + 4 kJ rtdor hNHN, cNHN anddNHN respectively. They are
consistent with most of the values reported foraleatalyzed hydrolysis of NaBH33].

After hydrolysis, the spent fuel was recovereddoalysesKigure 6). The liquid-state spent
fuel was first analyzed by NMR of the nuclet!8. There is no signal at negative shifts,
indicating a total hydrolysis of NaBHOnNe singlet is viewed at 2.55 ppm. It is typichthe
tetrahydroxyborate anion B(OH)[34]. The water of the liquid-state spent fuel wasa&oted

at 60°C for 72 h and the as-obtained solid speek feas kept at this temperature. It was
analyzed by"'B MAS NMR. There is only one signal peaking at 2gpi. This is in good
agreement with tetravalent B found in boron oxidesl borates like NaB(Ok)35]. The
fingerprint of a borate like NaB(OH)was obtained by FTIR spectroscob]f Another
evidence of the formation of NaB(OHis the XRD pattern. It well matches the reference
pattern 01-081-1512 (score of 78) that suggestsystatline NaB(OH) compound with a
monoclinic structure and the space grdegil/a. A last confirmation of the nature of the
borate (also denoted NaB@H,O) comes from the TGA and DSC resultsg(re S10). It is
observed a stepwise evolution from 100°C to 400f& may be attributed to,B desorption
[37]. The weight loss at 400°C is 34.2 wt% while thatev content in NaB(OH)s 35.3 wt%.
Over this temperature range, NafBfH,0O loses two equivalents of ,8, much likely

resulting in the formation of sodium metaborate BaB

Prior to any analysis, the aforementioned liquatestspent fuel was first separated from the
catalyst by centrifugation (6000 rpm for 10 min)e\8ystematically observed that, during the
hydrolysis experiments, the solids changed colomfipurple violet to blackHigure S2),

indicating the occurrence of a transformation a® aluggested by the occurrence of an

induction period igure 5) [6,9]. Similar color change upon reduction was obseffeedhe



complex [Ni(N'H4)3][Cl] 2 [29]. The black solids were washed with water twicghvethanol
once, and dried at 80°C overnight. For each salithe powder was recovered for analyses.

3.3. Characterization of the black “reduced” complexes

The complexes after hydrolysis were supposed todukiced” 6,9] because of the reducing
character of NaBid Accordingly the “reduced” counterparts l@NHN, cNHN and dNHN
(i.e. after hydrolysis) are denot&hNHN, RcNHN andRdANHN (with R for reduced).

The fine powderlRhNHN, RcNHN and RANHN were scrutinized by optical microscopy.
The initial morphologies were not founéiure S11). They were then observed by SEM
(Figure 7). Each of the complexes evolved from a morphoklgpoint of view. Spherical
particles are observed foRhNHN, RcNHN and RANHN. There are however few
differences. The spherical shape is not perfech WhNHN and the particles (with an
average size of 120 nm) are much agglomerategi(e S12). One may even distinguish the
presence of very few hexagonal plategy(re S13) and which surface is much rougher than
for hNHN. With respect taRcNHN, the particles are spherical and agglomeraktedu(e
S14). Their size is quite uniform with 100 nm. The gd@RdNHN has a more heterogeneous
composition, with spherical particles of 120-160 m® well as clew-like morphologies
(Figure S15). They look like the spherical particles of 15018m reported elsewhere and
that they were found to form from the complex [NiKN)3][Cl] . by hydrazine reduction
[29,38].

The samplefRhNHN, RcNHN andRANHN were analyzed by FTIR spectroscopyo(re
S16). The spectra are comparable for the three congsmuut they are much different from
the spectra collected with the starting complexesu( e 2). These results are in accordance
with an evolution of the complexes. The bands ademwand for most they do not have the
same wavenumber. The observed vibrational bande vemorably compared to the bands
generally reported for borate specie,6,37]. The presence of hydrazine cannot be
discarded 74,26-29], at least forRANHN. The spectra over the wavenumber range 3600-
1600 cm®* resemble the one reported for the complex [MHN][Cl]» after reduction by
hydrazine P9]; in that study, the formation of Ni(Okljvas evidenced.



The sample®RhNHN, RcNHN andRANHN were analyzed by XRD=(gure S17). They did
not diffract, suggesting amorphous solids. Sinolaservations were made for various cobalt-
based catalysts or precursorsimfsitu forming catalysts; upon reduction by NaBHobalt
was found to be amorphous, resulting in a debabeitaihe nature of the catalytically active
phase 9,39]. Here, the XRD patterns &hNHN, RcNHN andRdNHN (Figure S17) display
one broad shoulder of low intensity at abo#ét 45°. In comparison to the most intense
diffraction peak that can be observed in the reieed pattern of various nickel-based
compounds, several species might be suggested. @esrare cubic nickel (ref. 00-004-
0850), tetragonal MB (ref. 00-048-1222), orthorhombic §&i (00-048-1223), and cubic NiO
(ref. 00047-1049). A further discussion at thisnpoivould be, as for the aforementioned
cobalt-based catalysts, speculative.

The sample®RhNHN, RcNHN andRdANHN were then analyzed by XP&ifure S18). The
binding energies (BE) were ascribed with the hdlghe NIST XPS databasé&l]. The BEs
measured for Ni 2pHigure 8) are much comparable to the values reported ferfitesh
samples Kigure 3), suggesting Ni-based surfaces. The formation of nickel hydroxide
Ni(OH), cannot be discarde®q]. Boron was found on the superficial layersRIINHN,
RcNHN andRdNHN (Figure 9). The B 1s BE is 191.8 + 0.1 eV. This is a typicalue for
borates and other boron oxides. No nitrogen wascted on the surface of bd®hNHN and
RcNHN. One N 1s signal was distinguished RiINHN (Figure S19). The BE of is 399.7
eV indicating the presence of residual hydrazineugs. According to the XPS results, the
surface of the spherical particles observedRbNHN, RcNHN andRdANHN are composed
of Ni** and borate species. It is worth mentioning thailai observations fain situ forming
cobalt-based catalysts were interpreted as the afiom of surface species of formulae
Co'@B.O,(OH), [9,39]. In the present conditions, the formation of aagf NI'@B,0,(OH),

might be assumed.

3.4. Catalytic activity of the black “reduced” complexes

RhNHN, RcNHN andRdANHN were tested for their catalytic ability in hydrsly of NaBH
(Figures S20 to S22). They were compared toNHN, cNHN anddNHN respectively. The
results are summarized kigure 10, where the cycle O refers to the Beneration rates of
hNHN, cNHN anddNHN and the cycle 1 refers toyldeneration rates &2hNHN, RcNHN

andRdANHN. Two observations stand out. First, the reducech$oof the complexes are more

10



active than the fresh counterparts. For exampk Hhgeneration rate dRhNHN is almost
thrice the H generation rate diNHN. The explanation of that may be the smaller sizh®
particles observed fdRhNHN, RcNHN andRANHN (Figure 7 vs. Figure 1). Second, the
H, evolution curves oRhNHN, RcNHN andRANHN does not show an induction period.
This is typical of a catalyst which surface coregispf the catalytically active site§,9]. This
confirms that the surface &NHN, cNHN and dNHN evolved during the cycle 0 into the
active form found foRhNHN, RcNHN andRdANHN.

When the catalytic activities &hNHN, RcNHN andRANHN are compared to each other
(Figure 10), it stands out that the,Hjeneration rates are comparable: 28.7 m) (nin * for
RhNHN, 28.8 mL(H) min™ for ReNHN, and 29.4 mL(k) min* for RANHN. Expressed in
L(H,) min™ guan ™ the rates are between 2.6 and 2.7 respectivilg.i§ consistent with the
microcopy observations=(gure 7) and the performed characterizatioRsg(ires 8 and 9);
indeed there is almost no difference between theettsamplesRhNHN, RcNHN and
RANHN. In other words, the initial morphology bNHN, cNHN anddNHN does not have a
remarkable impact on the morphology, structure eatdlytic activity ofRhnNHN, RCNHN
andRANHN. Note that the aforementioned rates are slighgtyelo than the rate (2.24 L{H

min™ Geomplex *) reported for another nickel comple].

Reusability tests were carried out WRhNHN, RCNHN andRdNHN (Figure 10). The cycle

2 to the cycle 5 refer to successive uses of teasgles. After each cycle, the catalyst was
extracted from the reaction slurry by centrifugatizvashed twice with water, washed once
with ethanol and dried at 80°C to be re-used. Busability tests show a decrease of the H

generation rates, specifically of 19-28% at theeycand of 43-47% at the cycle 5 when the
rates are compared to those of the cycle 1. In amnditions, these “reduced” catalysts

deactivate over cycles. They behave asithgtu forming cobalt-based catalysts da3P]

and, similarly, poisoning due to strong borategotson is much likely 11].

The apparent activation energy for each of the $ssiphNHN, RcNHN andRdANHN was
determined Kigures S23 to S26). It was found: 48.1 + 5, 50.3 + 5 and 41.6 + 5nkdl™
respectively. They are comparable to the energiaad for the fresh complexes. They are
besides consistent with most of the values repddedetal-catalyzed hydrolysis of NaBH
[33].

11



3.5. Putting in perspective

Nickel complexes have been recently proposed aggh@tential catalysts for the evolution
of H, by hydrolysis of NaBH [20,21]. Our first objective was thus to gain more insigh
Considering besides that the morphology of nickehplexes can be quite easily controlled
by tuning the synthesis conditioriz5], the objective was expanded to the study of ffece

of the morphology on the catalytic activity of teemples. Three morphologies (hexagonal
plate-like, clew-like and disc-like) of the nickieydrazine nitrate complex were successfully
targeted. They showed slightly different cataly@formances. All of them allowed getting a
total conversion of NaBHinto H, and NaB(OH), but this was achieved at different H
generation rates. The most efficient complex wamdoto be the clew-like morphology
because it has more defects (particulasly the numerous edges and corners it has); this

means more active sites.

The aqueous alkaline solution of NaBk$ reductive [-4]. With metal cations used as
precursors ofin ditu-forming catalysts, the evolution takes place duritige first
seconds/minutes of the reaction during the so-dafiduction period,9,39]. An induction
period was observed with our nickel hydrazine mtraomplexes, suggesting an evolution
towards a catalytically active form. The first estiite was a change of the color of the powder
(from purple violet to black). The second evidemaes provided by a set of characterization
results. The nature of the “reduced” samples is identified yet. Like for the much-
investigated cobalt9[39], the results are difficult to exploit and are nge speculation. Like
for some of the cobalt-based catalysts, it wasatemly suggested the formation of surface
M"@B,O,(OH), (with M = Ni or Co). The evolution of the nickelydirazine nitrate
complexes during the hydrolysis reaction has twditemhal consequences. Morphologically,
the samples change towards aggregated spheridatiggmrof much smaller size (100-160
nm). Catalytically, the “reduced” samples are macéve in hydrolysis. The Hgeneration
rates were found to be, at best, thrice of thesrdégermined with the fresh complexes. It may
be concluded that the fresh nickel hydrazine ratcaimplexes are not appropriate as catalysts
for the hydrolysis of NaBi In contrast, they may be seen as precursors tafytia fine

powders since the “reduced” forms have better gitgbotential.

12



Unless the catalyst is intended to be used once-gbot approach)l], it is important to
assess the stability (or reusability) of the catatyver cycles. This was our third objective.
The nickel hydrazine nitrate complex evolves i@t that is more efficient. This “reduced”
form was thus re-used in five cycles. The d&neration rates were found to decrease cycle
after cycle. At best, 57% of the initial cataly&activity was retained after the fifth cycles.
However, the total conversion of NaBMas not affected, being constant at 100%. These
results are also comparable to what was reportedofealt-based catalysts so far4],6,9,39].

It may be concluded that the active surfacéndditu-forming Ni#*- and C6*-based catalysts

have more than one common feature.

4. Conclusion

Morphology-controlled nickel complexes are possitd¢alytic accelerators forHevolution
by hydrolysis of NaBkl In the present work, the nickel hydrazine nitrat@mplex
[Ni(N2H4)3][NO3s], has been studied as microscale hexagonal pldwn- @and disc-like
structures. They are indeed able to catalyze tleohysis of NaBH, with H, generation rates

being in the average of what has been reporteéritin the field.

The clew-like sample is more active owing to moededts and more active sites. The H
evolution curves however show an induction peribdttsuggests an evolution of the
complex. A catalytically active material (calledcetiuced” sample) forms and this has been
confirmed by visual inspection as well as by chimazations. The main observations are as
follows. The color of the solids changes from parpiolet to black. SEM observations of the
as-obtained fine black powders reveal a changkamtorphology; whatever the initial shape
of the complex, aggregated nanoscale sphericalcjesrt(100-160 nm) form. The XRD
pattern shows the transition from a crystalline @riat (trigonal, space group-3cl) to an
amorphous compound. According to the XPS scanspittkel element still has an oxidation
state of +2 but the hydrazine ligand and the mteation have been mostly removed; instead

boron is found.

Such observations are alike what has been repartédiebated at length for €awithin the
past decade. By analogy, it is tentatively suggestat Nf* and C3* behave in a similar way
and that surface species such a'@kﬂ%xoy(OH)Z (with M = Ni or Co) might form. In our
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conditions, the “reduced” sample is more activeHgrevolution by hydrolysis of NaBH In

the best case, theyldeneration rate is increased threefold, makimgadte attractive than the
starting complex. Reusability tests performed whtd “reduced” sample shows that the total
conversion of NaBHklis constant but the Ayeneration rates drop cycle after cycle. More than
50% of the initial catalytic activity is retainefter the fifth cycles. This result also makes our
in situ-forming N*-based black fine powder resemble thesitu-forming CS*-based black
solid.

In closing, there are opportunities for the nickabed complexes as catalysts and/or catalyst
precursors for hydrolysis of NaBHUsing nickel makes sense as it is much cheagar th
cobalt.

Acknowledgements

The authors thank Maria-José Valero-Pedraza (Unontlkellier) and Salem Ould-Amara
(Univ Montpellier) for occasional assistance in XRBd NMR.

14



References

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Demirci UB. About the technological readinedsttie H generation by hydrolysis of
B(-N)—-H compounds. Energy Technol 2018;6:486.

Schlesinger HI, Brown HC, Finholt AE, GilbreatiR, Hoekstra HR, Hyde EK.
Sodium borohydride, its hydrolysis and its use aseducing agent and in the
generation of hydrogen. J Am Chem Soc 195;75:215

Gislon P, Monteleone G, Prosini PP. Hydrogeroduoction from solid sodium
borohydride. Int J Hydrogen Energy 2009;34:928.

Brack P, Dann SE, Wijayantha KGU. Heterogeneand homogenous catalysts for
hydrogen generation by hydrolysis of aqueous sodiarohydride (NaBk) solutions.
Energy Sci Eng 2015;3:1788.

Liu CH, Chen BH. The concept about the regeti@neof spent borohydrides and used
catalysts from green electricity. Materials 20134%56-66.

Arzac GM, Hufschmidt D, Jiménez De Haro MC, ié@ndez A, Sarmiento B, Jiménez
MA, Jiménez MM. Deactivation, reactivation and meyneffect on Co—B catalyst for
sodium borohydride hydrolysis operating in high wension conditions. Int J
Hydrogen Energy 2012;37:1437&1

Petit E, Miele P, Demirci UB. By-product camyg humidified hydrogen: an
underestimated issue in the field of hydrolysissoflium borohydride NaBH Chem
Sus Chem 2016;9:17%81.

Lapefia-Rey N, Blanco JA, Ferreyra E, Lemus Bereira S, Serrot E. A fuel cell
powered unmanned aerial vehicle for low altitudevsiiance missions. Int J
Hydrogen Energy 2017;42:69240.

Patel N, Miotello A. Progress in €8 related catalyst for hydrogen production by
hydrolysis of boron-hydrides: a review and the pecsives to substitute noble metals.
Int J Hydrogen Energy 2015;40:142.

Hua D, HanxiY, Xinping A, Chuansin C. Hydrogen production fromatalytic
hydrolysis of sodium borohydride solution usingkeicboride catalyst. Int J Hydrogen
Energy 2003;28:1093.00.

Kim JH, Kim KT, Kang YM, Kim HS, Song MS, Le¥J, Lee PS, Lee JY. Study on
degradation of filamentary Ni catalyst on hydrodysf sodium borohydride. J Alloys
Compd 2004;379:227 .

15



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Cento C, Gislon P, Prosini PP. Hydrogen geti@maby hydrolysis of NaBhl Int J
Hydrogen Energy 2009;34:4554.

Metin O, Ozkar S. Hydrogen generation from tiyelrolysis of sodium borohydride by
using water dispersible, hydrogenphosphate-stakilinickel(0) nanoclusters as
catalyst. Int J Hydrogen Energy 2007;32:1705.

Ferreira MJF, Gales L, Fernandes VR, Rangel, Ghhto AMFR. Alkali free
hydrolysis of sodium borohydride for hydrogen geien under pressure. Int J
Hydrogen Energy 2010;35:98688.

Jiao C, Huang Z, Wang X, Zhang H, Lu L, Zh&gSynthesis of Ni/Au/Co trimetallic
nanoparticles and their catalytic activity for hggen generation from alkaline sodium
borohydride aqueous solution. RSC Adv 2015;5:34364

Cai H, Lu P, Dong J. Robust nickel-polymer oeamposite particles for hydrogen
generation from sodium borohydride. Fuel 2016;186-301.

Umegaki T, Hui SZ, Kojima Y. Fabrication of lkmw silica—nickel particles for the
hydrolytic dehydrogenation of ammonia borane usige pollen templates. New J
Chem 2017;41:99%.

Miao L, Zhu YZ, Wang HF. Nickel-decorated ;82 nanoparticles as recyclable
magnetic self-stirring nanocatalysts for microreatd. ACS Sust Chem Eng
2017;5:186470.

Nabid MR, Bide Y, Dastar F. One pot synthesisiickel nanoparticles stabilized on
rGO/polyethyleneimine aerogel for the catalytic togen generation. Catal Lett
2015;145:1798807.

Kiling D, Sahin O, Saka C. Investigation on salisylaldimineeNimplex catalyst as an
alternative to increasing the performance of cétalyhydrolysis of sodium
borohydride. Int J Hydrogen Energy 2017;42:2062A

Kiling D, Sahin O, Saka C. Salisylaldimine-Ni complex suppbro@ ALOs: highly
efficient catalyst for hydrogen production from hgtysis of sodium borohydride. Int
J Hydrogen Energy 2018;43:2531.

Zhu S, Wu Y, Zhang W, Mu J. Evaluation of awn@rimary explosive: nickel
hydrazine nitrate (NHN) complex. Propellants ExdRysotech 1997;22:31£20.
Hariharanath B, Chandrabhanu KS, Rajendran Aayindran M, Kartha CB.
Detonator using nickel hydrazine nitrate as primaexplosive. Def Sci J
2006;56:3839.

16



[24] Wojewddka A, Betzowski J. Hydrazine complexsddransition metals as perspective
explosives. Chemik 2011;65:20.

[25] Wang Q, Geng B, Wang S, Liu J, Cheng Z, SiADfacile sonochemical route to
morphology controlled nickel complex mesostructure€ryst Eng Comm
2009;11:131%22.

[26] Miller FA, Wilkins CH. Infrared spectra and afacteristic frequencies of inorganic
ions. Anal Chem 1952;24:12534.

[27] Patil KC, Nesamani C, Verneker VRP. Synthearsd characterisation of metal
hydrazine nitrate, azide and perchlorate compleSgsth React Inorg Met Org Chem
1982;12:38395.

[28] Chhabra JS, Talawar MB, Makashir PS, Asthand, Singh H. Synthesis,
characterization and thermal studies of (Ni/Co) ahetlts of hydrazine: potential
initiatory compounds. J Hazard Mater 2003:A99:222.

[29] Park JW, Chae EH, Kim SH, Lee JH, Kim JW, Yd&M, Choi JY. Preparation of fine
Ni powders from nickel hydrazine complex. Mater @hiehys 2006;97:37B.

[30] Bushuyev OS, Brown P, Maiti A, Gee RH, Peter&R, Weeks BL, Hope-Weeks LJ.
lonic polymers as a new structural motif for higieegy-density materials. J Am
Chem Soc 2012;134:1423.

[31] NIST X-ray Photoelectron Spectroscopy Databdstp://srdata.nist.gov/xps/, 2012.
(accessed 15.07.18).

[32] Garron A, Swierczynski D, Benni@i, Auroux A. New insights into the mechanism of
H, generation through NaBHhydrolysis on Co-based nanocatalysts studied by
differential reaction calorimetry. Int J Hydrogendfgy 2009;34:118%9.

[33] Retnamma R, Novais AQ, Rangel CM. Kineticshgtirolysis of sodium borohydride
for hydrogen production in fuel cell applicatiors:review. Int J Hydrogen Energy
2011,;36:977290.

[34] Sinton SW. Complexation chemistry of sodiunrdie with poly(vinyl alcohol) and
small diols. A'*B NMR study. Macromolecules 1987;20:2430..

[35] Zhou B, Sun Z, Yao Y, Pan Y. Correlations beéw*'B NMR parameters and
structural characters in borate and borosilicateenails investigated by high-resolution
MAS NMR and ab initio calculations. Phys Chem Maler2012;39:36372.

[36] Jun L, Shuping X, Shiyang G. FT-IR and Ramaectroscopic study of hydrated
borates. Spectrochim Acta 1995;51A:539.

17



[37]

[38]

[39]

Kanturk A, Sari M, Piskin S. Synthesis, cryssfructure and dehydration kinetics of
NaB(OH)2H,0. Korean J Chem Eng 2008;25:1331

Huang GY, Xu SM, Xu G, Li LY, Zhang LF. Predion of fine nickel powders via
reduction of nickel hydrazine complex precursorant Nonferrous Met Soc China
2009;19:38993.

Demirci UB, Miele P. Cobalt-based catalystshiydrolysis of NaBH and NHBHs.
Phys Chem Chem Phys 2014;16:6832.

18



Figure 1. SEM images of the nickel hydrazine nitrate comeéedenotethiNHN (hexagonal
plate-like morphology)¢NHN (clew-like morphology) andNHN (disc-like morphology).
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Figure 2. FTIR spectra of the nickel hydrazine nitrate cterps denotedNHN (hexagonal
plate-like morphology)¢NHN (clew-like morphology) andNHN (disc-like morphology).
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Figure 3. XPS spectra of the nickel hydrazine nitrate caxes denotetiNHN (hexagonal
plate-like morphology)cNHN (clew-like morphology) andiINHN (disc-like morphology):

focus on the Ni 2p signals.

840

Counts (s)

Counts (s)

ANHN

Counts (s)

21



Figure 4. XPS spectra of the nickel hydrazine nitrate caxes denotetiNHN (hexagonal
plate-like morphology)cNHN (clew-like morphology) andiINHN (disc-like morphology):

focus on the N 1s signals.
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Figure 5. H, evolution curves obtained withNHN, cNHN and dNHN. The hydrolysis
conditions were as follows: 80°C; 11 mg of catglgsiL of alkaline water (0.5 NaOH); 100
mg NaBH,.
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Figure 6. Analyses results of the spent fuel in eitheritigstate t'B NMR) or solid-state’{B
MAS NMR, FTIR and XRD). The chemical shifts of thNéVIR signals are given. The FTIR
bands are ascribed tg. the B-O stretching and deformation modes. Some of thet mos
intense XRD peaks are indexed (reference pattefdB11512).
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Figure 7. SEM images of the “reduced” nickel hydrazineat#rcomplexes (recovered after
the NaBH hydrolysis experiments) denotB®thNHN, RcNHN andRANHN.
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Figure 8. XPS spectra of the “reduced” nickel hydrazineaté complexes (recovered after
the NaBH hydrolysis experiments) denot@®thNHN, RcNHN andRdANHN: focus on the Ni

2p signals.
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Figure 9. XPS spectra of the “reduced” nickel hydrazineaté complexes (recovered after
the NaBH hydrolysis experiments) denot&hNHN, RcNHN andRdANHN: focus on the B

1s signals.

215 210 205 200 195 190 185 180

T T T T I T T T T T

191.8

Counts (s)

Counts (s)

Counts (s)

215 210 205 200 195 190 185 180
BE (eV)

27



Figure 10. Comparison of the Hgeneration rates (denoted cycle 1R6INHN, RcNHN and
RdANHN to the rates (denoted cycle 0) found withHN, cNHN anddNHN, and evolution of
the H generation rates ®hNHN, RCNHN andRdANHN over five cycles (cycle 1 to cycle 5;
i.e. reusability experiments). The rates were calcdl&tem the H evolution curves shown in
Figures S20 to S22.
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