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abstract

Nickel aluminate is a transition metal oxide with spinel structure with potential applications as 
FDWDO\VWV�DQG�VHQVRUV��%RWK�DSSOLFDWLRQV�EHQH¿W�IURP�KLJK�VSHFL¿F�VXUIDFH�DUHDV�DV�ZHOO�DV�FKHPLFDO�
stoichiometry control. However, a systematic approach to understand synthetic parameters affecting 
stoichiometry and agglomeration of nickel aluminate nanoparticles is still lacking. In this work, co-
precipitation using direct and reverse strikes and polymeric precursor techniques were comparatively 
studied to address this problem. While the polymeric method could deliver stoichiometric spinel, 
the samples were highly agglomerated exhibiting low surface area. Both co-precipitation procedures 
produced smaller sizes and less agglomerated nanoparticles as compared to the polymeric precursor, 
but for the reverse-strike, Ni2+ preferentially formed a soluble complex with ammonia and led to nickel 
GH¿FLHQW� QDQRSDUWLFOHV��6WRLFKLRPHWULF� ���PRO�1L2���PRO�$O2O3) nanocrystalline nickel aluminate 
was only achieved when using controlled excess Ni2+. The normal-strike lead to more stoichiometric 
compositions without need for excess cations, but the obtained nanoparticles were less homogeneous 
and showed smaller surface areas as compared to the reverse-strike method.
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introduction

Aluminate spinels generally present high thermal stability 
and melting points, mechanical stability, and resistance to alkalis 
DQG�DFLGV��=DZDG]NL�DQG�:U]\V]F]��������,Q�SDUWLFXODU��GXH�WR�
its defect chemistry, nickel aluminate is being considered in 
catalytic applications and proposed as a candidate material in 
KLJK�WHPSHUDWXUH�IXHO�FHOOV��.RX�DQG�6HOPDQ��������1L$O2O4 is 
also a potential candidate in metal-ceramic composite because 
RI�LWV�H[FHOOHQW�VWUHQJWK�DQG�ZHWWDELOLW\�ZLWK�PHWDO��.LP�HW�DO��
�������,Q�WKHVH�DSSOLFDWLRQV��QDQR�VL]HG�SDUWLFOHV�DUH�SUHIHUDEOH�
as they can provide higher surface areas. Moreover, highly 
stoichiometric compositions are also of interest for those applica-
tions as are associated with higher melting points as compared 
to non-stoichiometric ones. Stoichiometry has also been shown 
to be of important for studies of relative stabilities of cations in 
RFWDKHGUDO�DQG�WHWUDKHGUDO�VLWHV��&RROH\�DQG�5HHG��������DQG�
studies of applications in radiation environments, given that 
stoichiometric spinels are more resistance to radiation damage 
WKDQ�QRQ�VWRLFKLRPHWULF�RQHV��6LFNDIXV�HW�DO��������

Several synthesis methods have been reported to obtain 
crystalline NiAl2O4�VSLQHO�ZLWK�QDQR�VL]HG�SDUWLFOHV��&HVWHURV�HW�
DO��������&ODXVH�HW�DO��������'HUD]�������.LPLQDPL�HW�DO��������
0RKDPPDGSRXU�$PLQL�DQG�7RUNLDQ�������1D]HPL�HW�DO��������
1RJXHLUD� HW� DO�� ������3ODWHUR� HW� DO�� ������6XFLX� HW� DO�� �������
Among them, sol-gel method, using alkoxides as the precursor, 
was able to produce nanoparticle with particularly high surface 

DUHD� �3ODWHUR� HW� DO�� �������%XW� WKH� FRVW� RI� DONR[LGHV� DQG� WKH�
by-products of this method limit its engineering applications 
�-HHYDQDQGDP� HW� DO�� ������� 3HFKLQL�PHWKRG� �3HFKLQL� �������
also known as modified sol-gel method, or polymeric precursor 
PHWKRG� �&XVKLQJ� HW� DO�� �������ZDV� DOVR� VXFFHVVIXOO\� XVHG� WR�
obtain highly homogeneous nickel aluminate spinel with small 
FU\VWDOOLWH�VL]HV��.LPLQDPL�HW�DO��������6HJDO��������+RZHYHU��LW�
KDV�EHHQ�UHFHQWO\�UHSRUWHG�WKDW�3HFKLQL�PHWKRG�PD\�OHDYH�VHULRXV�
FDUERQDWH�FRQWDPLQDWLRQV�GXULQJ�V\QWKHVLV�RI�VSLQHOV��5XIQHU�HW�
DO���������7KH�FRQWDPLQDWLRQ�LV�W\SLFDOO\�ORFDWHG�RQ�WKH�VXUIDFH�
of the nanoparticles, which can lead to non-stoichimetric spinel 
structures because the carbonate phase may present a differ-
ent cationic composition as the oxide. Coprecipitation method 
using direct strike has been reported to show advantages over 
WKH�3HFKLQL�PHWKRG�LQ�WKH�SUHSDUDWLRQ�RI�0J$O2O4 in respect of 
purity, particle size distribution, and agglomeration. This tech-
nique has also been studied to synthesize nickel aluminate spinel 
�&HVWHURV�HW�DO��������0RKDPPDGSRXU�$PLQL�DQG�7RUNLDQ��������
but while particle size and surface area were reported previously, 
stoichiometry of the resultant spinel was not checked thoroughly 
in those studies, leaving several open questions, the main one 
related to fact that nickel cations can easily form complexes in 
basic solution, possibly causing non-stoichimetric compounds 
upon co-precipitation.

In this work, we present an in-depth study of the stoichiom-
etry, size, and agglomeration states of nanoparticles prepared by 
WKUHH�GLIIHUHQW�PHWKRGV��3HFKLQL��UHYHUVH�VWULNH�FR�SUHFLSLWDWLRQ��
and normal-strike co-precipitation. The goal is to identify the 
more adequate method to produce stoichiometric, size-controlled, 
and non-agglomerated particles by understanding and tuning the 
physical-chemistry of those methods.
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