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Synergism between polyurethane and polydopamine in 

the synthesis of Ni-Fe alloy monoliths   

Thangavel Naresh Kumara, Santhana Sivabalanb, Naveen Chandrasekaran*b, Kanala 
Lakshminarasimha Phani*a 

Herein, we report the first synthesis of light-weight macroporous 

3-D alloy monolith of Ni-Fe/C using synergism between 

polydopamine (pDA) and polyurethane (pU); in situ formed 

polyurethane (pU) enables efficient mixing of pDA (carbon 

source) and Ni-FeOx resulting in Ni-Fe alloy monoliths at a 

temperature as low as ~600°C. The monolithic Ni-Fe/C exhibits 

enhanced oxygen evolution activity. 

Metal aerogels are ultra-light weight three dimensional (3-D) 
architectures comprising of interconnected metallic 
nanoparticles with pore size less than 1000 nm. In the quest for 
alternatives to precious metals, metal aerogels appear to be 
ideally suited materials in the fields of biomedical, energy 
conversion and catalysis due to their enhanced properties.1 
Various synthetic strategies are in practice for the preparation 
of non-metallic aerogels such as silica2, transition/rare earth 
metal oxides3, polymer and their carbon derivatives.4 However, 
only a few reports are available on the synthesis of metallic 
foams, namely foaming using blowing agents, chemical vapour 
deposition5 or template-directed electrodeposition of metals6, 
dealloying etc.7 While a plethora of non-chemical routes are 
employed for the synthesis of metallic foams, only a few 
chemical approaches have been reported.8 For example, 
Eychmüller group have reported on a different approach for the 
preparation of ordered macroporous mono-/bi-(noble)metallic 
aerogels, based on controlled aggregation of nanoparticles9. 
Enhanced electrocatalytic activity of these metal aerogels has 
also been demonstrated by this group10. Tappan et al. developed 
a procedure to synthesize porous metal foams by combustion 
synthesis.11 Recently, metal aerogels were developed by 
Leventis et al12 via sol-gel process by forming interpenetrating 
networks of metal oxide and polymer followed by pyrolysis 
under inert atmosphere to yield metallic aerogel. In these 
reports, organic polymers such as resorcinol-formaldehyde4, 
polybenzoxazine13 act as the carbon source in reducing metal 
oxide to porous metal aerogels. In this context, dopamine 
presents us with a polymerizable functional unit that is known 
to form stable and robust anchors on the surface of metal iron 
oxides14. While dopamine attracted attention as capping agent 
due to the stability and strength of the resultant five-membered 
metallocycle chelate and the ease with which it can be 

functionalized through amide bonds with other molecules14, its 
polymer (pDA) formed by self-polymerization of dopamine 
under mild alkaline conditions (pH~8.0) appears especially 
relevant to metal aerogel synthesis with its excellent adhesion 
on diverse substrates (resulting in a few nanometers thick 
polymer films15). The –NH2 and –OH functional groups on the 
pDA chain act as ligands to bond with metal oxides to form a 
core-shell type of structure of pDA-metal oxide or vice-versa.16 
In  addition to the formation of core-shell structures with 
diverse materials such as metal oxides, metals and polymers, 
pDA can leave behind sp2 carbon skeleton when pyrolyzed at 
higher temperatures under inert conditions.17 The sp2 carbon 
backbone similar to graphene, can readily reduce metal oxides 
to metals.13 In electrocatalysis applications, nanoporosity may 
pose problems due to limited diffusion through the 
nanochannels as they hamper chemical manipulation of the 
metal foams.  Even materials of moderate surface area were 
shown by Eychmüller group to be highly electrocatalytic in 
nature.  A key challenge is to achieve a balance between active 
surface area and a continuous hierarchical macroporosity.  It is 
thus imperative that (i) the metal aerogels/monoliths are 
supported on a conducting matrix preferably; and (ii) the 
chemical network should act both as a template and carbon 
source.  We demonstrate in this work for the first time two 
polymeric matrices acting in concert to provide such an ideal 
network to achieve these objectives. More importantly, we 
report here the synthesis of pure alloy particles supported on a 

carbon skeleton in monolithic form. 

In the present approach, we have demonstrated a synthetic route 
by coating pDA on Ni-FeOx aerogel followed by a top-coat 
with tri-isocyanate yielding a Ni-FeOx@pDA----pU monolithic 
gel. In this hierarchical structure, pDA acts as the carbon source 
in reducing metal oxide to metal, whilst, pU formed by the 
reaction of –N=C=O with functional groups (–NH2,–OH etc.,) 
present in pDA enables efficient mixing of pDA and Ni-FeOx 
resulting in Ni-Fe alloy monoliths at a temperature as low as 
~600° C. The Ni-FeOx aerogels coated by individual pDA and 
tri-isocyanate lead to a mixture of metallic Ni and Fe3O4 

particles. The obtained Ni-Fe alloy monoliths were found to be 
electrocatalytic towards the oxygen evolution reaction.  
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The nature of chemical functionalization of pDA-pU on Ni-FeOx 
was confirmed by FTIR spectra of aerogels of Ni-FeOx, Ni-FeOx 
@pDA and Ni-FeOx@pDA-pU (Fig.1). The neat Ni-FeOx 

aerogels show their characteristic peaks at 3404, 1589, 1110 and 
495 cm-1 assigned to broad ν OH, δ H2O, δ OH and ν Ni-O or Fe-
O respectively. In addition to Ni-O or Fe-O peak at 465 cm-1 

already present in the Ni-FeOx aerogel, FTIR spectra of Ni-
FeOx@pDA confirm the coordination of dopamine with Ni-FeOx 
by the formation of new sharp peaks at 3395, 1621 and 1479 cm-1 
corresponding to ν N-H, aromatic δ N-H and ν C=C, respectively. 
Successful functionalization of tri-isocyanate with –NH2 and –
OH functional groups present in pDA was confirmed by the 
appearance of new peaks at 2931, 1667 cm-1 attributed to 
aliphatic ν C-H and ν C=O from the pU linkage respectively. 
Similar chemical functionalization of pDA and pDA-pU was 
observed in NiOx and FeOx aerogels (Figs.S1 and S2 ESI†) 

Figure 1: FTIR spectrum of Ni-FeOx, Ni-FeOx@pDA and Ni-
FeOx@pDA-pU 

The Ni-FeOx@pDA-pU aerogels were converted to Ni-Fe alloy 
monoliths by pyrolysis under flowing Ar at 800°C. The porosity 
values calculated using bulk and skeletal densities (0.81 and 3.64 
g/cm3) for Ni-Fe monoliths worked out to be 77%. The synergestic 
effect18 of pDA and pU in the synthesis of Ni-Fe monoliths becomes 
evident in the results of x-ray diffractometry (Fig.2): Ni-FeOx@pDA 
(or pU) shows diffraction patterns corresponding to metallic Ni at 
44.94° (111), 51.96° (200) and crystalline Fe3O4 peaks at 
35.66°(311), 43.21° (400) and 63.2° (440). On the other hand, Ni-
FeOx@pDA-pU pyrolyzed at different temperatures (400, 600°C) 
shows reflections corresponding to Ni-Fe alloy phase at 44.42o (111) 
in addition to Fe3O4 phase whereas, similar samples pyrolyzed at 
800° C show complete formation of Ni-Fe alloy phase with the 
emergence of new peaks at 43.9° (111), 51.14° (200) and 75.31° 
(220) with no traces of oxides. Also, the XRD pattern matches with 
the standard patterns of FeNi3 (ICDD # 00-038-0419). The crystallite 
size of Ni-Fe alloy determined using Scherrer’s formula was found 
to be ~15 nm. Synergism between pDA and pU is further confirmed 
from the XRD pattern of NiOx and FeOx coated with individual 
polymers pDA and pU pyrolyzed at 800° C giving metallic Ni and 
Fe3O4 respectively (Fig.S3, ESI†). This unusual behavior of NiOx 
and FeOx coated with individual polymers pDA and pU may be 
explained as follows:  

(a)  Higher temperature required to reduce Fe (> 900° C) 
(b) Formation of stable iron oxides (Fe3O4, FeO, γ-Fe2O3) as 
intermediates during the reduction of Fe2O3 to Fe.  
X-ray diffraction patterns of Ni-FeOx@pDA-pU pyrolyzed at 
400º, 600º, and 800ºC indicates the formation of individual 
metallic (Ni, Fe) phases and Ni-Fe alloy phase as low as 400ºC, 

600oC respectively as shown in Fig 2. Alloy formation between 
Ni and Fe, known to occur at temperatures ~700°C invariably 
leads to mixed phases of alloy and metal oxides,19 whereas in the 
present work complete alloy formation is observed at ~800°C 
with no traces of metal oxides (Fig.3). The early formation of Ni-
Fe alloy phase at 600ºC and macroporisity can be deemed to: 

1. Melting of aliphatic pU at a temperature <128ºC leads to the 
collapse of Ni-FeOx@pDA network assisting in efficient mixing 
of pDA and Ni-FeOx particles, in turn reducing the temperature 
required for Ni-Fe alloy phase formation.12 
2. In addition to gases that evolve during pyrolysis of pDA, 
thermal decomposition of pU produces gases such as CO, NH3.  
These can effectively reduce metal oxide to metal aiding the 
formation of macroporous carbon skeleton.20 The presence of 
carbon enclosure on Ni-Fe monoliths is confirmed by the 
appearance of the characteristic D (1354 cm-1) and G (1595 cm-1) 
bands in Raman spectroscopy [Fig.S4 ESI†]. 
 
 

 

Figure 2: XRD patterns of Ni-FeOx@pDA, Ni-FeOx@pU and Ni-
FeOx@pDA-pU at different temperatures (400, 600 and 800°C) 

 

Figure 3: Schematic representation of Ni-Fe monolith synthesis 
(Photograph of Ni-Fe/C monolithic piece resting on dandelion flower 
parachute ball is given to show its light-weight) 

 
 
 

Page 2 of 5ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name COMMUNICATION 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

It can be seen from the FESEM (Fig.4a) that Ni-Fe monoliths 
comprise particles of 100 nm size along with larger ones in the 
range of 1µm embedded on macroporous carbon (derived from 
pDA and pU).12, 21 Consistent with the FE-SEM images, the N2 
sorption isotherm (Fig.4b) for Ni-Fe monoliths follows a typical 
type II isotherm for macroporous materials with a BET surface 
area of 6 m2g-1. Microscopically, Ni and Fe monoliths were found 
to have particles on the carbon backbone (Fig.S5 ESI†). Similar 
to the Ni-Fe monoliths, N2 sorption isotherms for Ni and Fe show 
type II behavior characteristic of a macroporous structure (Fig. 
S6 ESI†) 

Figure 4: (a) FE-SEM image of Ni-Fe, magnification: 2µm (inset 
shows the zoomed part of the porous network); (b) BET isotherm 
of Ni-Fe monolith. 
 
Incidentally, these macroporous Ni-Fe alloy monoliths are 
rendered electrically conducting due to the carbon skeleton 
derived from pDA-pU pyrolysis, befitting the requirement as 
carbon-supported electrocatalysts.  In the present work, we take 
advantage of this property to examine electrocatalysis of oxygen 
evolution reaction (OER) considering the recent interest in the 
development of non-noble metal electrocatalysts.22, 23 
 
Fig.5a displays the cyclic voltammograms of Ni, Fe and Ni-Fe@GC 
electrode in 0.1 M KOH. The redox peak pair at Epa = 0.44 mV; Epc 
= 0.35 mV vs Hg/HgO in the voltammetric response of Ni@GC can 
be ascribed to the Ni(OH)2/NiOOH transformation.24 In agreement 
with the previous reports,25 Fe@GC showed no redox characteristics 
since the transformation of Fe(II)/Fe(III) occurs at higher 
overpotentials. Consistent with the reports in ref.[26], Ni-Fe@GC 
displays an anodic shift (~60 mV) of  (Ni(OH)2/NiOOH) redox 
caused by the presence of Fe. Fig.5b shows the representative linear 
sweep voltammograms of all three electrodes in 0.1 M KOH 
illustrating its electrocatalytic activity towards oxygen evolution 

Figure 5: (a) Cyclic; (b) Linear sweep voltammetric responses of Fe, 
Ni and Ni-Fe monolith (supported on glassy carbon surface) in 0.1M 
KOH at 1600 rpm. Scan rate: 5 mV/sec  

reaction. A steep increase in current is observed for both Ni and Ni-
Fe@GC at 0.60V, whereas, Fe@GC displayed OER at potentials 

beyond 0.70V. At an overpotential of 375 mV vs RHE, Ni-Fe@GC 
modified electrode yields a current density of 10 mA/cm2. This value 
is comparable or even superior to the transition metal based OER 
catalysts reported elsewhere [Table S1:  (i) Ni/Au, 10 mA/cm2@350 
mV27, (ii) Ni-FeOx@Au, 10 mA/cm2@280 mV28].   Mechanistic 
information on OER was obtained by analysing Tafel relationship, η 
= a ± b logi. The iR corrected Tafel plots shown in [Fig S7 ESI†] 
reveals values of 51 mV/dec and 55 mV/dec for Ni and Fe films, 
whereas, Ni-Fe film displayed a tafel slope of 42 mVdecade-1.  This 
lowered Tafel slope suggests that the Ni-Fe/C-monolithic 
electrocatalyst is on par with the benchmark IrO2 catalyst.29 The 
presence of Fe providing more active sites for OH adsorption on Ni-
Fe electrodes in turn changing the rate determining step from the 
discharge of hydroxyl ions to recombination of oxygen radicals as 
evident from the decrease in the tafel slope value.30 The enhanced 
access of electrolyte to the active site is facilitated by the three 
dimensional assemblies of Ni-Fe particles embedded on 
macroporous carbon (diffusion is no longer limiting in this case).31 

Additionally, turn-over frequency (TOF) was calculated for Ni and 
Ni-Fe films using the relationship,  

TOFmax = I* NA/ 4NatomsF 

where, I, NA, Natoms, F represents the current obtained at 700 mV, 
Avagadro number, number of atoms at the surface and Faraday 
constant respectively. A turn-over frequency of 125 s-1 (and a 
Faradaic efficiency of 97% deduced from the analysis of data 
collected in the rotating ring disk electrode voltammetry, (Table S2 
& Fig.S8 ESI†) obtained for the Ni-Fe film, ca. is 5 times higher 
relative to that of a Ni film (25 s-1).27 Enhanced current density at a 
constant overpotential, decrease in tafel slope and high TOF values 
for Ni-Fe films clearly indicate increased catalytic activity towards 
OER.   

In summary, we have developed a facile synthetic strategy and 
demonstrated the synergistic effect of pDA and pU in the preparation 
of three dimensional (3-D) Ni-Fe alloy embedded on a macroporous 
carbon. XRD analysis of the NiOx, FeOx Ni-FeOx@pDA-pU 
pyrolyzed at 800o C indicates complete formation of metallic Ni, Fe 
and Ni-Fe alloy respectively. Here, pDA acts as the carbon source 
and pU aids efficient mixing of particles of Ni-FeOx and pDA, in 
turn bringing down the activation energy required for alloy 
formation. The as obtained Ni-Fe alloy monoliths were found to be 
free-standing with a porosity of 77%. We found that similar 
synergism is operative in the synthesis of Fe-Co/C monoliths (Fig.S9 
ESI†), demonstrating its general applicability. The Ni-Fe alloy 
monolith shows excellent activity towards OER in 0.1 M KOH with 
a current density of 10 mA/cm2 at overpotential of 375 mV vs RHE 
and a Tafel slope of 42 mV dec-1 relative to their metallic 
counterparts.  

It may be possible to list three types of advantages arising from these 
metallic monoliths: (i) macroporosity of these monoliths offers the 
advantage of complete utilization of the catalytic surface; and (ii) 
monolithic nature helps overcoming the disadvantages of 
immobilizing the transition metal catalytic particles on a (carbon) 
support. As pDA is very adherent, by its nature, it will be a facile 
way of forming thin films of metal monoliths on pDA-coated 
substrates prior to carbonization.17b We are currently pursuing these 
approaches to establish intimate contact of the catalyst layer to the 
substrate material from a practical point of view. The high carbon 
content ensures that the reaction at high rates is not limited by either 
the electronic conductivity or ionic diffusion within the electrode 
composite. 
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