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a b s t r a c t

FexNi1−x nanostructures with different compositions (0 <x < 1.0) were electrodeposited from simple aque-
ous electrolytes with different ferric ion and nickel ion ratios. Composition, morphology, crystal structure,
magnetic properties and electronegativity of the synthesized FexNi1−x nanostructures were systemati-
cally investigated. As the composition of Fe (x) in FexNi1−x nanostructures decreased from 1.0 to 0, the
morphology changed from dendritic to nanoparticles and thin plates. The X-ray diffraction (XRD) pat-
terns revealed that the dominant crystal structures shifted from metallic body centered cubic (bcc) for
iron-rich FexNi1−x to mixed bcc and faced center cubic (fcc) for near equiatomic FeNi to rhombohe-
eNi alloy
nvironmental remediation
hlorinated ethane

dral/hexagonal for nickel-rich FeNi. The magnetic saturation and isoelectric point were also strongly
dependent on nanostructure composition. Specifically, the magnetic saturation decreased and the iso-
electric point increased with decreasing Fe content. When Fe content in FexNi1−x nanostructures was
greater than 0.5 (x > 0.5), FexNi1−x nanostructures showed mainly metallic (zero-valent) Fe present as
determined by XRD and selected area electron diffraction (SAED) patterns. Accordingly, Fe1.0, Fe0.71Ni0.29

react
n.
and Fe0.55Ni0.45 exhibited
of reductive dechlorinatio

. Introduction and background

Nanostructured materials having a large surface-to-volume
atio possess very different properties from their bulk coun-
erparts and are of great interest due to their many potential
pplications [1–4]. Magnetic nanostructures such as iron oxide
anoparticles (i.e., magnetite (Fe3O4) and maghemite (�-Fe2O3))
re widely used in ferrofluids for audio speakers [5], magnetic
esonance imaging [6,7], magnetic storage media [8], and site-
pecific gene and drug delivery [9,10]. FexNi1−x alloys with different
ompositions have been also used in many industrial fields due
o their diversity in magnetic properties. Permalloy (20% iron,
0% nickel), for example, has been used in magnetic recording
eads [11,12] and invar (64% iron, 36% nickel) has applications

n precision instruments such as shadow masks for color tele-
isions [13]. Nickel hydroxide, on the other hand, is the main

ctive material for cathodes in alkaline rechargeable batteries
14–16].

Extensive efforts to synthesize iron oxide and FexNi1−x nanos-
ructures have been devoted not only to the above applications,
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ivity toward 1,1,1,2-tetrachloroethane, with Fe1.0 yielding the greatest rate

© 2009 Elsevier B.V. All rights reserved.

but also to the development of materials for environmental reme-
diation [2,17–23]. Nanoscale iron oxides such as magnetite and
maghemite have been used as adsorbents to remove arsenic from
water [2,17]. Nanoscale zero-valent Fe, Pd/Fe, and Ni/Fe particles
have also been studied and synthesized for environmental remedia-
tion of toxic compounds including chlorinated compounds, organic
dyes, and heavy metals [18–23]. The bimetallic nanoparticles, such
as Pd/Fe and Ni/Fe particles, have been observed to have around
1–3 orders of magnitude higher rate of chlorinated hydrocarbon
degradation relative to microscale commercial Fe particles, due to
their higher surface area-to-volume ratio and the catalytic nature
of the metal additives to Fe [19,21].

Various wet chemical methods have been employed to synthe-
size nanoscale iron oxides, nickel oxides, metallic Fe, metallic Ni,
and bimetallic Ni/Fe particles [24]. For the synthesis of nanoscale
iron oxides, chemical precipitation [25,26], hydrothermal [27], ther-
molysis [28,29], and electrodeposition [2,30] were successfully
used. However, nanoscale metallic Fe (zero-valent iron) previously
used for environmental remediation have mostly been synthesized
by the chemical reduction method from ferric or ferrous solutions
in the presence of sodium borohydride with subsequent galvanic

displacement of less noble metallic iron nanoparticles with more
noble metals (e.g., Ni, Pd) to generate bimetallic nanoparticles (e.g.,
Ni/Fe and Pd/Fe) [18–23].

Compared to other wet chemical methods, electrodeposition
is simple, fast, inexpensive, and manufacturable and can be an

http://www.sciencedirect.com/science/journal/13858947
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xcellent alternative method of synthesizing nanoscale materi-
ls, such as nanowires [31–33], nanotubes [34], and nanoparticles
2,30]. In our prior work, it was demonstrated that the parti-
le size, shape, and production rate of crystalline maghemite
�-Fe2O3) nanoparticles were effectively controlled by adjusting
he electrodeposition conditions [2]. Additionally, monodisperse
rystalline zero-valent iron, FeNi, and FePd nanowires could be syn-
hesized using template-directed electrodeposition method [33].

In this work, FexNi1−x nanostructures were electrodeposited as
function of Fe3+ and Ni2+ concentration in solution to inves-

igate the capacity of this method to generate reactive FexNi1−x
lloy nanostructures with controlled composition. Hence, the com-
osition, morphology, crystal structure, magnetic properties, and
lectronegativity of electrochemically synthesized FexNi1−x nanos-
ructures were measured, and the potential of these FexNi1−x
anostructures for environmental remediation of a model chlori-
ated hydrocarbon was examined.

. Materials and methods

.1. Chemicals

Chemicals used in this study were FeCl3 (Fisher, ACS
eagent grade), NiCl2·6H2O (Fisher, ACS reagent grade), 1,1,1,2-
etrachloroethane (1,1,1,2-TeCA, 99%, Aldrich), and hexane (99%,
ldrich). The buffer solution of 25 mM Tris (tris(hydroxymethyl)-
minomethane, 99%, Sigma) in 0.1 M NaCl (99%, Sigma–Aldrich)
sed for reactivity studies was prepared using deionized water
Milli-Q Plus UV, Millipore) and was deoxygenated by purging with
igh purity N2 gas (99.99%) for more than one and half hours.

.2. Electrochemical synthesis and characterization

FexNi1−x nanostructures were electrochemically synthesized
rom six different electrolytes by varying the iron/nickel ion
atios in solution which is at a fixed total metal ions concentra-
ion of 0.01 M. The solution chemistry was varied according to
Fe3+]/([Fe3+]+[Ni2+]) ratios: 0, 0.1, 0.25, 0.5, 0.75, and 1.0, which
s shown in Table 1. The pH of the solution was adjusted to 2.0

ith HCl or NaOH. A 100 mL glass jar with water jacket at 20 ◦C was
sed with a working volume of 50 mL. Steel (Kocour, Chicago, IL)
nd platinum-coated titanium (Technic Inc., Anaheim, CA) sheets
ere used as cathode and anode, respectively. The surface area of
oth electrodes was fixed at 4 cm2. Electrodeposition of FexNi1−x
anostructures was conducted in galvanostatic mode with a fixed
urrent density of 1 A/cm2 using a power supply (Hewlett-Packard,
655A, Houston, TX). The deposition time was fixed at 2 min. As the
eposition was initiated, the potential began from approximately
0 V and gradually decreased to 50 V. The resulting nanostructures
ere washed three times with ultrapure water by centrifugation

t 10,000 × g for 10 min and then vacuum-dried at 60 ◦C overnight.

ried samples were immediately used for the characterization. For

eactivity test, dried samples were stored in an anaerobic chamber
ntil used.

The composition of nanostructures was determined using
n atomic absorption spectrometer (AAnalyst 800, PerkinElmer,

able 1
olution chemistry used for electrodeposition.

Fe3+]/[Fe3+]+[Ni2+] Fe3+, M Ni2+, M

.0 0.01 0

.75 0.75 0.25

.5 0.5 0.5

.25 0.25 0.75

.1 0.1 0.9
0 0.01
g Journal 151 (2009) 66–72 67

Waltham, MA). The morphology of FexNi1−x was characterized by
transmission electron microscopy (TEM) in a FEI-PHILIPS CM300
electron microscope (Hillsboro, OR) operated at 200 kV. The sam-
ples were prepared by placing a drop of a diluted suspension of
each sample in ultrapure water onto a carbon coated copper grid
and allowing water to evaporate at room temperature.

The crystalline structure of FexNi1−x was determined by X-ray
diffraction using a D8 Advanced diffractometer (Bruker, Madison,
WI) with Cu K� radiation (� = 0.154 nm). The surface area was
measured by Brunauer–Emmett–Teller (BET) N2 method (ASAP
2010, Micromeritics, Norcross, GA). Electrophoretic mobility was
measured using a ZetaPALS (Brookhaven Instruments Corporation,
Holtsville, NY) to get the isoeletric point (IEP), which was con-
ducted at ionic strength of 1 mM KCl (Fisher, ACS reagent grade)
from approximately pH 4 to 12. The magnetic properties, such as
magnetic saturation (MS) and coercivity (HC), were measured using
a vibrating sample magnetometer (VSM, ADE Tech, Model 1660,
Westwood, MA) at room temperature with applied magnetic field
up to ±10 kOe.

2.3. Reactivity experiments

Reactivity experiments were conducted with three types of
the FexNi1−x nanostructures to explore their capacity to reduce
a model chlorinated solvent. All reactivity tests were carried out
in vials (20 mL, nominal volume) that were free of headspace
and sealed with Teflon-faced butyl rubber septa (Wheaton, Mil-
lville, NJ). Within an anaerobic chamber, synthesized FexNi1−x
nanostructures were weighed into vials that were then filled
with deoxygenated buffer solution. Each vial contained 0.1 M
NaCl/25 mM Tris buffer (pH 7.0) and a FexNi1−x nanostructure load-
ing of 1.0 g/L. After assembly, vials were removed from the anaerobic
chamber and reactivity experiments were conducted immediately.
To initiate the reaction, 36 �L of a solution of 55.56 mM 1,1,1,2-
tetrachloroethane (1,1,1,2-TeCA) in methanol was added to the
sealed vial via a 100 �L syringe, resulting in a final concentration
of 100 �M (16.8 mg/L). Control vials free of any FexNi1−x nanos-
tructures were also conducted, and used to determine the initial
concentration of 1,1,1,2-TeCA in the experimental reactors. The vials
were mixed on a rotary shaker (Cole-Parmer, Model 7637-01) at
45 rpm at room temperature.

At each sampling time, 200 �L was removed from the reactor
by simultaneously adding an equivalent volume of deoxygenated
buffer so as to prevent the development of headspace over time.
Aqueous samples were extracted using 2 mL of hexane, followed
by subsequent dilutions in hexane. Diluted extracts were ana-
lyzed via a 7890A Gas Chromatograph (Agilent Tech., Santo Clara,
CA) with electron capture detection (ECD) and a RTX-1 column
(30 m × 0.32 mm i.d. × 5 �m film thickness, Restek, Bellefonte, PA).
Standards for these analyses were prepared in hexane and were
analyzed in an identical manner to the experimental samples.

3. Results and discussion

3.1. Electrochemical synthesis and characterization

As electrodeposition was initiated, gas evolution occurred at
both electrodes and powdered black deposits were formed on the
cathode. After a reaction time of 2 min, solution pH remained nearly
constant at pH 2.0 ± 0.1. Hydrogen gas bubbled up at the steel
cathode, while oxygen gas was produced at the platinum coated

titanium anode, resulting in constant solution pH during the elec-
trodeposition. The dependence of resulting deposited Fe content
on the ratios of [Fe3+] to ([Fe3+]+[Ni2+]) in electrolytes is presented
in Fig. 1. Since the atomic absorption spectrometer can not detect
oxygen (O) and hydrogen (H) content in FexNi1−x, the Fe content at
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Fig. 1. Dependence of Fe content on the ratio of [Fe3+]/([Fe3+]+[Ni2+]). Error bars
represent ± one standard deviation from a minimum of five samples.

Fig. 2. TEM images of FexNi1−x nanostructures. Insets show
g Journal 151 (2009) 66–72

Y axis represents the atomic % ratio of Fe to (Fe + Ni) in FexNi1−x.
Deposited Fe content increased from 0 to 0.21, 0.49, 0.55, 0.71, and
1.0 atomic fraction, as the ratio of [Fe3+] to ([Fe3+]+[Ni2+]) in elec-
trolytes varied from 0 to 0.1, 0.25, 0.5, 0.75, and 1.0, respectively.
The Fe content in deposits was greater than in solution when the
ratio of [Fe3+] to ([Fe3+]+[Ni2+]) in electrolytes was less than 0.75.
The electrodeposition of Fe-Ni is known to exhibit an anomalous
co-deposition in which there is preferential deposition of the less
noble Fe [35], although there is not an accepted theory to explain
this phenomenon.

Fig. 2 presents TEM images of synthesized FexNi1−x nanostruc-
tures. It can be seen that the morphology and size of the FexNi1−x
were greatly influenced by electrolyte composition. For Fe contents
greater than 50% (i.e., x > 0.5), dendritic structures were observed
with approximately 30–120 nm thick branches (Fig. 2a–c). It should
be noted that spherical nanoparticles of approximately 5–30 nm

in diameter were also observed between the branches of the den-
drites, and that these spherical nanoparticles were more prevalent
in Fe0.71Ni0.29 and Fe0.55Ni0.45 nanostructures than with Fe1.0. For
deposited Fe contents less than 50% (x < 0.5), the dendritic shape

the selected area electron diffraction (SAED) patterns.
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ig. 3. X-ray diffraction patterns of FexNi1−x nanostructures synthesized from solu-
ions with different ratios of Fe3+ and Ni2+.

isappeared and the morphology changed (Fig. 2d–f). Notably, for
e0.49Ni0.51, 5–30 nm in diameter nanoparticles were dominant and
few thin plates were also observed, while the majority of struc-

ures for FexNi1−x with Ni content greater than 0.79 were thin
lates.

The inset in Fig. 2 shows the selected area electron diffrac-
ion (SAED) patterns. X-ray diffraction (XRD) patterns of FexNi1−x
anostructures are shown in Fig. 3. It reveals that the crystal struc-
ures and crystallinity changed as a function of the composition.
or example, the main diffraction peaks (2� of 44.7◦, 65.2◦, and
2.3◦) of iron-rich FexNi1−x nanostructures (x ≥ 0.71) indicate that
hey consist of randomly oriented polycrystalline nanostructures
ith body centered cubic (bcc) structures. Minor diffraction peaks
ere identified to be magnetite (Fe3O4) or maghemite (�-Fe2O3).

ince the FexNi1−x nanostructures in this study were electro-
hemically synthesized open to the air and then washed three
imes with deionized water containing natural dissolved oxygen,
ashing and drying steps likely induced the formation of iron

xides at the surface. For nearly equiatomic FeNi (i.e., Fe0.55Ni0.45
nd Fe0.49Ni0.51) nanoparticles, randomly oriented polycrystalline
anoparticles with mixed face centered cubic (fcc) and bcc struc-
ures were observed. The diffraction peaks at 2� of 44.5◦, 51.9◦,
nd 76.4◦ corresponding to (1 1 1), (2 0 0), and (2 2 0) phases of fcc
tructures, respectively. On the other hand, the XRD patterns of
ickel-rich FexNi1−x (x ≤ 0.21) show very different crystal structure.
he 2� of Fe0.21Ni0.79 which showed rather poor crystalline phase
s similar to the previously reported patterns of electrochemically
eposited Fe-doped Ni(OH)2 tubes [34] and is in accordance with
he standard XRD patterns of �-Ni(OH)2·0.75H2O (JCPDS file No.
8-0715) which is rhombohedral structure. All the peaks for Ni1.0
re in good agreement with the JCPDS file No. 14-0117, reflecting
he sole existence of hexagonal structure of Ni(OH)2.

Fig. 4a shows the average grain size of FexNi1−x nanostructures as
function of deposited Fe content. Average grain size was calculated

rom XRD patterns using the Scherrer’s equation [36]. The average
rain size of Fe was the largest, and grain size slowly decreased as
he Fe content (x) of FexNi1−x nanostructures decreased from 1.0 to

.55. Further, a more rapid drop in the average grain size occurred
ith decreasing Fe content of FexNi1−x for x < 0.49. The broad peak
idths of XRD patterns as seen in Fig. 3 for Fe0.49Ni0.51, Fe0.21Ni0.79,

nd Ni1.0 indicate that the crystalline sizes are very small and the
verage grain size of those nanostructures are 2.4, 2.8, and 5.6 nm,
Fig. 4. (a) Average grain size and (b) BET surface area of FexNi1−x nanostructures as
a function of Fe content in deposit.

respectively. Fig. 4b shows that BET surface area increased with
increasing Ni content in FexNi1−x nanostructures. The BET surface
areas of Fe1.0, Fe0.71Ni0.29 and Fe0.55Ni0.45 nanostructures having
dendritic shape were 25.9, 43.0, and 45.2 m2/g, respectively. As seen
in Fig. 2, it is believed that the spherical nanoparticles observed for
Fe0.71Ni0.29 and Fe0.55Ni0.45 nanostructures resulted in their higher
BET surface area as compared to Fe1.0. It can be readily seen in Fig. 4
that the BET surface area of FexNi1−x nanostructures increased as
the grain size of those nanostructures decreased.

Fig. 5a shows the Hysteresis curve of FexNi1−x nanostructures
at room temperature, and Fig. 5b and c represents the magnetic
saturation (MS) and coercivity (HC) of FexNi1−x nanostructures,
respectively. Results show that magnetic properties of both MS
and HC were dependent on the composition of FexNi1−x nanos-
tructures. MS and HC of FexNi1−x with x > 0.5 are relatively much
higher than those of FexNi1−x with x < 0.5 and there was the tran-
sition zone where MS and HC rapidly decreased when Fe content
was from 0.55 to 0.49. For example, MS and HC of Fe0.55Ni0.45 were
81 emu/g and 76 Oe, respectively, whereas those of Fe0.49Ni0.51 were
12.4 emu/g and 2.0 Oe, respectively, indicating a transition from
ferromagnetic to superparamagnetic state with no or almost no
magnetic saturation and magnetic hysteresis. Results also show that
Ni1.0 nanostructures which are Ni(OH)2 is paramagnetic [37].

The significant decrease in M with decreasing Fe content (x)
S
below 0.5 may be mainly due to the change in the composition.
The literature values of MS for bulk iron (Fe), magnetite (Fe3O4),
maghemite (�-Fe2O3), and nickel (Ni) are 222, 92, 76, and 55 emu/g,
respectively [38,39], suggesting that the more metallic Fe content
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ig. 5. (a) Hysteresis curves, (b) magnetic saturation and (c) coercivity of FexNi1−x

anostructures as a function of Fe content in deposit.

n the nanostructures, the greater the magnetic saturation (MS).
S of Fe1.0, Fe0.71Ni0.29 and Fe0.55Ni0.45 that had mainly metallic Fe

nd iron oxides were 92, 94, and 81 emu/g, respectively, which were
uch greater than that of other FexNi1−x with x < 0.5 that contained

aramagnetic Ni(OH)2. Therefore, it is likely that the composition
hanges from the metallic Fe and iron oxides rich condition to the
aramagnetic Ni(OH)2 rich condition caused the rapid drop of MS
hen x < 0.5. In addition, this rapid decrease in MS might be also

ttributed to the decrease in size. It is known that MS of a mag-

etic material in an external field is dependent upon the number
f magnetic molecules in a single magnetic domain and is propor-
ional to size of material [40]. It was also seen in this study (Fig. 4)
hat when Fe contents were less than 0.5, the surface area of the
Fig. 6. Isoelectric point of FexNi1−x nanostructures as a function of Fe content in
deposit.

FexNi1−x rapidly increased, indicating that the decrease in size (or
the increase in surface area per unit mass) can be another reason
for the rapid decrease in MS.

Fig. 6 presents the isoelectric point (IEP) of Fe1−xNix nanostruc-
ture as a function of Fe content. It was observed that the IEP of
FexNi1−x nanostructures linearly increased as deposited Fe content
decreased. For example, the Ni1.0 nanostructure which is found to
be entirely Ni(OH)2 has an IEP of 11.8 while the Fe1.0 nanostructure
has IEP of 6.3. Other FexNi1−x nanostructures in this study showed
intermediate IEP values between these two values varying as a func-
tion of deposited Fe contents. The IEP of metallic Fe (zero-valent
iron) in the literature was reported to be 6.0 [41] and 8.2 [42], and
that of Ni(OH)2 was 11–12 [43]. While there have been a lack of IEP
values for FexNi1−x nanostructures reported in the literature, com-
parable IEP values of �-Fe2O3, Fe3O4, and NiO in the literatures are
in the range of 6.7–7.5 [43–45], 5.9–8.0 [43,46–49], and 10.3 [43],
respectively.

Results in this study indicated that IEP values of FexNi1−x were
strongly influenced by the composition of Fe and Ni in deposits and
increased with decreasing deposited Fe content, and these trends
are supported by others reported in literature [41–49]. For reme-
diation in the subsurface, the delivery of reactive nanoparticles
to target compounds is essential. IEP data of FexNi1−x nanostruc-
tures may have an impact on their transport and stability in the
aqueous environments. As aquifer materials generally are nega-
tively charged under environmental pH, FexNi1−x nanostructures
with higher Ni content would be less desirable for aquifer appli-
cations from an electrostatic standpoint; FexNi1−x nanostructures
with higher Ni content are more positively charged and would be
more attractive to aquifer materials.

3.2. Reactivity experiments

Batch experiments were conducted to investigate whether
the electrochemically synthesized FexNi1−x nanostructures display
reactivity toward a model organohalide, and thus could have future
applications in environmental remediation. Zero-valent iron is an
effective reductant toward a broad spectrum of pollutants includ-
ing chlorinated solvents [21,23,50–52] and metallic Fe is known
to be the primary source of reducing equivalents in bimetallic
[53]. Hence, three FexNi1−x nanostructures with high Fe contents
(i.e., Fe1.0, Fe0.71Ni0.29 and Fe0.55Ni0.45) were selected by assuming
that they also have the largest amount of reducing equivalents.
The change in 1,1,1,2-TeCA concentration over time in systems
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ig. 7. (a) Reactivity result of FexNi1−x nanostructures with 1,1,1,2-TeCA. Solid and
pen symbols represent relative concentrations of 1,1,1,2-TeCA and 1,1-DCE, respec-
ively. (b) Plots of pseudo-first-order reaction regression.

ith each FexNi1−x nanostructure is presented in Fig. 7a. Com-
lete reduction of 1,1,1,2-TeCA was observed with Fe1.0 after 170 min
f reaction time. In contrast, Fe0.71Ni0.29 and Fe0.55Ni0.45 reduced
0% of the initial 1,1,1,2-TeCA over 60–90 min, with no further loss
eing observed over the remainder of the experiment. As seen in
ig. 7a, 1,1-dichloroethylene (1,1-DCE) was the only reduction prod-
ct detected for all FexNi1−x nanostructures examined in this study.
hese results are consistent with previous studies that have also
eported reductive �-elimination as the dominant transformation
athway for 1,1,1,2-TeCA in zero-valent metal systems [54,55]. Car-
on mass balances were roughly 85% in all experimental system.
he slight loss of mass most likely results from minor products
f 1,1-DCE reductive dehalogenation, such as ethane and ethylene,
hich were not quantified in this study.

Generally, the rate of pollutant transformation in zero-valent
ron systems is pseudo-first-order [50,51,56–61] with respect to
ollutant concentration (Eq. (1)).

d[C]
dt

= kSAas�m[C] = kobs[C] (1)

pplying Eq. (1) to the systems considered herein, [C] is the concen-
ration of 1,1,1,2-TeCA (mg L−1), kSA is the surface-area-normalized
ate constant (L h−1 m−2), as is the specific surface area of FexNi1−x
m2 g−1), �m is the FexNi1−x mass concentration (g L−1), and kobs is

he observed pseudo-first-order rate constant (per h). As shown in
ig. 7b, the concentration of 1,1,1,2-TeCA initially followed expo-
ential decay in each reactor system, although deviations from
his model consistent with surface passivation were observed for
e0.71Ni0.29 and Fe0.55Ni0.45 nanostructures at greater timescales.
g Journal 151 (2009) 66–72 71

Linear regression analysis performed over the time period shown
in Fig. 7b were therefore used to determine the initial kobs value for
1,1,1,2-TeCA reduction by Fe1.0, Fe0.71Ni0.29 and Fe0.55Ni0.45. These
values were determined to be 1.78, 0.92, and 0.80 h−1, respectively,
illustrating that the nanostructures consisting entirely of iron were
most reactive.

In general, bimetallic zero-valent iron including Fe/Ni and Fe/Pd
is more reactive toward organohalides relative to zero-valent iron
[19,53,61–63]. For example, Fe/Ni nanoparticles were reported to
be 50-fold more reactive toward trichloroethene (TCE) than Fe
nanoparticles [19] and the reactivity of Fe/Pd nanoparticles toward
tetrachloroethene (PCE) were two orders of magnitude greater
than that of Fe nanoparticles [61]. It is proposed that bimetallic
reductants are more reactive than metallic iron as a result of the
additives’ (e.g., Ni and Pd) superior ability to sorb atomic hydro-
gen generated via the reduction of water, and this atomic hydrogen
is postulated to be the reactive entity responsible for degrad-
ing chlorinated hydrocarbons through a surface-mediated reaction
[19,53,61,64]. However, in the current study, kobs of Fe1.0 demon-
strates roughly 2-fold greater reactivity relative to Fe0.71Ni0.29
and Fe0.55Ni0.45 despite the surface area of Fe1.0 being approxi-
mately 1.7 times lower than that of the other two. Accordingly,
comparison of nanostructure reactivity on the basis of parti-
cle surface area reveals that Fe1.0 (kSA = 6.86 × 10−2 L m−2 h−1)
is approximately 3–4 times more reactive toward 1,1,1,2-
eCA than Fe0.71Ni0.29 (kSA = 2.15 × 10−2 L m−2 h−1) and Fe0.55Ni0.45

(kSA = 1.78 × 10−2 L m−2 h−1), respectively. This unanticipated reac-
tivity trend may be attributed to Fe0.71Ni0.29 and Fe0.55Ni0.45 being
homogenous alloys rather than bimetallic heterogenous reductants
generated from Ni coating on Fe surfaces. In homogenous alloys,
the corrosion rate (i.e., reactivity) is strongly dependent on the
composition of alloys where addition of nickel to iron monoton-
ically increased the corrosion potentials and decreased corrosion
rate with the lowest corrosion rate at near equiatomic FeNi [65].

The BET surface area for nanoscale (1–100 nm) zero-valent iron
synthesized by wet chemical reduction method in the presence
of borohydride in the literature is reported to be in the range of
28–59 m2/g [19,22,55], which is in the similar range with three
FexNi1−x nanostructures used in the current study (i.e., BET sur-
face area of Fe1.0, Fe0.71Ni0.29 and Fe0.55Ni0.45 were 25.9, 43.0, and
45.2 m2/g, respectively). Compared to zero-valent iron materials
used in other studies, the reactivity of Fe1.0 is 8-fold lower than that
of nanosized zero-valent iron particles (kSA = 5.4 × 10−1 L m−2 h−1)
which were synthesized by the borohydride reduction method [55].
However, the reactivity of Fe1.0 is still 5-fold greater than that
reported for microsize zero-valent iron (kSA = 1.4 × 10−2 L m−2 h−1)
which was the commercially available 100 mesh Fisher electrolytic
iron [52].

4. Conclusions

FexNi1−x nanostructures were electrochemically synthesized
from simple aqueous electrolyte. Composition, shape, crystal struc-
ture, magnetic properties and electronegativity of synthesized
FexNi1−x nanostructures varied by the change in deposited Fe
content. To our knowledge, this study first demonstrated that elec-
trochemically synthesized FexNi1−x nanostructures have potential
for environmental remediation for the reduction of chlorinated sol-
vents and further studies are needed to expand the scope of the
electrochemical synthesis method to fabricate zero-valent irons
that have more reactivity.
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