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gene delivery, MRI contrast agents, ferro-
fl uids, magnetic recording materials, and 
bioremediation technologies. [  1–4  ]  Magnetic 
nanoparticles such as magnetite (Fe 3 O 4 ) 
and transition metal-doped ferrites of the 
form  M x  Fe 3− x  O 4  ( M  = Mn, Co, Ni, Zn, 
etc.) offer promising materials due to 
their intrinsic magnetism and small size, 
with manipulation of stoichiometry pro-
viding a method of tailoring the properties 
to specifi c applications. [  5  ]  In particular, the 
ability to increase the magnetic moment 
has great signifi cance, for example in MRI 
imaging where it can enhance the effec-
tiveness of magnetic contrast agents, or 
in hyperthermia cancer therapies, where 
an increase in magnetization at a given 
applied fi eld maximizes the heating power 
achievable. 

 Stoichiometric magnetite (Fe 3 O 4 ) 
is an inverse spinel with the cations 
Fe 2+ [B]:Fe 3+ (A):Fe 3+ [B] in a ratio of 1:1:1, 
where (A) and [B] represent tetrahedral 
and octahedral sites, respectively. The 
magnetic exchange in magnetite is gov-
erned by a combination of antiferromag-

netic superexchange (SE) and ferromagnetic double exchange 
(DE) interactions. There are three antiferromagnetic SE inter-
actions between the Fe 3+  ions on the (A) and [B] sites, medi-
ated by the oxygen (O) ions which are denoted A-O-A, B-O-B, 
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  1   .  Introduction 

 The synthesis of magnetic nanoparticles for use in a number 
of potential applications has been a focus of recent research. 
These applications include targeted cancer therapies, drug and 
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There have been many successful attempts to produce mag-
netic nanoparticles through the microbial reduction of Fe(III) 
oxides, including several which have demonstrated the ability 
to incorporate transition metal dopants into the crystal struc-
ture. [  14–16  ]  Most recently, the high temperature iron reducing 
bacterium  Thermoanaerobacter  TOR-39 (incubated at 65 °C) 
was used to produce zinc doped ferrite nanoparticles [  17  ]  which 
exhibited higher magnetic moments than stoichiometric mag-
netite nanoparticles. Additional benefi ts of using biological 
approaches to synthesizing magnetite nanoparticles over chem-
ical methods include the functionalization of particle surface 
with organic matter. Ordinarily this is carried out in the post 
production stage, however the microbial interaction with the 
nanoparticles appears to yield a coating which is suited to sorp-
tion of catalysts such as palladium. [  18  ]  The ability to synthesize 
biogenic magnetite nanoparticles in large scale quantities has 
also been demonstrated, [  15  ]  thus validating the potential to be 
used as a commercial product. 

 The overall aim of this work is to generate nanoparticles 
with enhanced room temperature magnetic moments com-
pared to those currently achievable by other means [  19  ]  through 
the microbial reduction of Fe(III) oxyhydroxides containing 
various concentrations of zinc at ambient temperatures by the 
iron reducing bacterium  Geobacter sulfurreducens . The tempera-
ture of synthesis is thought to have a potential impact on the 
ordering of cations within the crystal structure [  17  ]  which would 
have a direct impact on overall magnetic moment of the nano-
particles. It is anticipated that the low temperature iron reduc-
tion in this work could ultimately lead to zinc ferrites with 
higher values of saturation magnetization than counterparts 
produced using high temperature synthesis.  

  2   .  Results and Discussion 

  2.1   .  Structural Properties 

 The ratios of zinc to iron in the substituted magnetite nano-
particles were determined by electron probe microanalysis 
(EPMA) and showed that a large proportion of the Zn was 
incorporated into the spinel structure. From the EPMA results, 
the values of  x  in the formula unit Zn  x  Fe 3− x   O 4  were deter-
mined ( Table   1 ).  

 The particles were imaged by transmission electron micros-
copy (TEM) ( Figure    1  ) with the images showing mostly spher-
ical particles, some sub-rounded particles and some with an 
indication of hexagonal facets. The size distribution of the 

and A-O-B. As pointed out by Néel, [  6  ]  in the simplest model, 
ferrimagnetism in Fe 3 O 4  is obtained without any DE interac-
tion, forcing an antiparallel alignment of the moments on 
the (A) and [B] sites. Since the antiparallel Fe 3+ (A) and Fe 3+ [B] 
moments compensate each other, a saturation magnetization of 
4  µ  B /f.u. (formula unit) is expected from the remaining Fe 2+ [B] 
moments. This simple Néel model has been extended by Yafet 
and Kittel, [  7  ]  who proposed a more elaborate model in which 
the B sublattice is subdivided into two (Fe 2+  and Fe 3+ ) sublat-
tices. It was shown that on weakening the A-O-B interaction 
and strengthening the B-O-B interaction, the B site magnetic 
moments are no longer rigidly parallel to the A site moments. 
The stronger B-O-B SE interaction results in spin canting, and 
thus a reduction in the saturation magnetization. 

 Based on the theory of this model and experimental evi-
dence, the substitution of other metal cations within the struc-
ture of magnetite can be used to change the magnetic proper-
ties of nanoparticles in different ways, depending upon where 
the dopant is incorporated, for example, Ni 2+  and Co 2+  can 
substitute for Fe 2+ [B], whereas Zn 2+  has a strong affi nity for 
the tetrahedral (A) site. [  8,9  ]  Of particular interest has been the 
substitution of Fe 3+ (A) by diamagnetic Zn 2+  which leads to a 
decrease in the magnetic component that is antiparallel to the 
Fe 3+ [B] moment, hence would be expected to yield larger total 
magnetization which increases as zinc concentrations increase. 
This is seen to be the case only up to a certain percentage of 
zinc [  10  ]  because exchange interactions within the octahedral lat-
tice begin to take over, resulting in spin canting. 

 A number of methods can be used for the synthesis of mag-
netic nanoparticles, including co-precipitation, hydrothermal 
approaches and mechanical ball milling, amongst others. These 
are often both economically and environmentally undesirable, 
due to the high temperatures and toxic chemicals used. Alter-
natively, biogenic approaches can also be used to produce mag-
netic nanoparticles in a method in which the anaerobic respira-
tion of Fe(III) oxides by subsurface bacteria is utilized to pro-
duce magnetic nanoparticles. Fe(III) reducing bacteria are able 
to generate large amounts of extracellular magnetite at ambient 
temperature through the oxidation of an electron donor (organic 
matter or hydrogen), coupled with the reduction of metal cat-
ions such as Fe(III). Using this approach, Fe(III)-oxyhydroxides 
(and related phases containing other transition metals) can 
be reduced, producing soluble Fe 2+  which re-crystallizes into 
a new mineral phase such as goethite, magnetite or siderite, 
depending upon the synthesis conditions (including pH, cell 
concentration, geochemical matrix and temperature). [  11–13  ]  

 Table 1.   Structural and magnetic properties of zinc-doped magnetite nanoparticles. < d > is mean particle size,  σ  is dispersion index,  M  s  is saturation 
magnetization. 

Sample  
Starting material  EPMA Final   x   TEM    XRD   M  s  

[emu g −1 ]    

  
At% Zn   At% Zn     < d > [nm]     σ     < d > [nm]   5 K   300 K   

Zn 0   0  0  0  16.1 ± 0.5  0.3  21.3 ± 2.9  72  64  

Zn 0.16   5  5.2  0.16  13.9 ± 0.3  0.3  17.6 ± 1.1  112  97  

Zn 0.42   15  14.1  0.42  10.5 ± 0.3  0.3  11.4 ± 2.9  112  72  

Zn 0.56   20  18.6  0.56  10.5 ± 0.1  0.2  9.5 ± 1.2  102  56  

Zn 0.92   33  30.6  0.92  8.3 ± 0.1  0.2  6.9 ± 1.1  40  12  

Adv. Funct. Mater. 2014, 24, 2518–2529



F
U
L
L
 
P
A
P
E
R

2520

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

excess Fe 2+  formed by the bacteria with carbonate in the buffer 
system used (NaHCO 3 ), Evidence of this mineral phase was not 
found using TEM, suggesting that it is a minor mineral phase 
that was successfully removed by the washing and magnetic 
separation procedures used prior to TEM analysis.  

 Crystallite particle size analysis was carried out using the 
most intense magnetite refl ections (2 2 0), (3 1 1), (4 0 0), 
(5 1 1), and (4 4 0), with results indicating that an increase in 
the zinc concentration in the starting material led to the produc-
tion of smaller crystallites, supporting the observations from 
the TEM images. Furthermore, there is no observable patterns 
visible which correspond to zincite (ZnO), thus suggesting that 
the zinc is present only in the magnetite crystal structure. 

 Values of the magnetite lattice constant ( a  0 ) were determined 
for each sample by measuring positions of all main magnetite 
refl ections and taking the average; these are plotted against 
zinc concentration (Figure  2 c). The diffraction peaks showed 
an increase in the lattice constant  a  0  for the magnetite nano-
particles from 8.37 Å to 8.45 Å as zinc concentrations increased, 
which is in close agreement with the fi ndings of Tian et al. [  20  ]  
Values of  a  0  were determined for all samples through meas-
uring positions of all main peaks, and with the averages plotted 
against zinc concentration (Figure  2 c). The increase in  a  0  with 
increasing zinc can be ascribed to the larger ionic radius of Zn 2+  
compared with Fe 3+  in tetrahedral coordination (0.060 nm and 

particles was determined by measurement of 200 particles per 
sample on TEM images, resulting in the distribution curves 
shown in Figure  1 f. As more zinc entered the magnetite struc-
ture, the size range became narrower, with mean diameter 
decreasing. Samples Zn 0.42  and Zn 0.56  had very similar mean 
particle sizes and size distributions, and potentially provide 
the best comparisons between other properties such as mag-
netism and cation distributions, without particle size effects 
having to be taken into account explicitly. The absence of any 
major polydispersivity in the size distributions of the samples 
suggests that there is a high level of homogeneity within each 
of the samples and no signifi cant amount of additional min-
eral phases. Energy dispersive X-ray (EDX) spectroscopy was 
used to confi rm the relative ratio of Fe to Zn throughout the 
series. Zinc was measured to amount to 4.2%, 16.4%, 20.2%, 
and 34.0% of the total transition metal total for samples Zn 0.16 , 
Zn 0.42 , Zn 0.56 , and Zn 0.92  respectively. These values match 
closely to those expected from the starting material, and the 
values measured using EPMA.  

 Powder X-ray diffraction (PXRD) data ( Figure    2  ) confi rmed 
the presence of magnetite in all samples, with siderite also 
detected in all samples, although this secondary phase was 
not observed using TEM. Siderite (FeCO 3 ) has previously been 
reported as an impurity in biogenically produced magnetite 
samples, [  11  ]  presumably formed via the interaction between 

      Figure 1.  TEM images showing a) Zn 0 , b) Zn 0.16 , c) Zn 0.42 , d) Zn 0.56 , e) Zn 0.92 , and f) size distributions of all samples obtained by measurement of 
 n  = 200 particle diameters per sample. 
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0.049 nm, respectively). [  21,22  ]  This result shows that the incor-
poration of Zn 2+  is not confi ned to the surface regions of the 
magnetite particles but involves the bulk structure.  

  2.2   .  Nanoparticle Magnetism 

 Changes in the magnetic properties of the particles were 
determined using superconduction quantum interface device 
(SQUID) magnetometry, including measurements of saturation 
magnetization ( M  s ), coercivity ( H  c , the applied fi eld required 
to reverse magnetization direction) and blocking temperature 
( T  B , the temperature above which a particle exhibits superpara-
magnetism). Hysteresis loops collected at room temperature 
(300 K) and at low temperature (5 K) between –6 T and +6 T 
( Figure    3  a,b) show the maximum magnetization achievable in 
the nanoparticles in the presence of an applied magnetic fi eld. 
The results show that as zinc is incorporated into the magnetite 
structure,  M  s  initially increases before decreasing again. At low 
temperatures,  M  s  (Table  1 ) for magnetite (Zn 0 ) was 72 emu g −1  
and the  M  s  was seen to increase by 56% reaching a maximum 
of 112 emu g −1  for Zn 0.16  and Zn 0.42 .  M  s  starts to decrease again 
at Zn 0.56 , although with a value still higher than that of Zn 0 , 
before reaching a minimum of 40 emu g −1  for Zn 0.92 . The trend 
at room temperature differs slightly, with the maximum  M  s  
reached at Zn 0.16  (97 emu g −1 ) and decreasing for higher Zn 
concentration, with Zn 0.56  (56 emu g −1 ) and Zn 0.92  (12 emu g −1 ) 
samples having a smaller saturation magnetization than Zn 0 .  

 It is expected that Zn 2+  enters the tetrahedral site, and once 
there is a suffi cient amount, it gives a weakening of the A-O-B 
interaction as described by the Yafet and Kittel model. [  6  ]  The 
B-O-B interaction then begins to dominate leading to spin 
canting which reduces the saturation magnetization as seen 
in the SQUID measurements. Enhanced  M  s  in biogenic zinc 
doped ferrites compared to biogenic magnetite has previously 
been reported by Love  et   al ., although with a more modest 
enhancement 29% [  23  ]  (measured at 5 K), compared to 56% in 
this study for Zn 0.16 . However, of particular signifi cance is that a 
much less dramatic temperature dependence of the magnetiza-
tion is observed here than in previous studies. [  23–26  ]  This yields 
remarkably high magnetic moments in the nanoparticles even 
at room temperature. The values observed are comparable with 
Zn  x  Fe 3− x  O 4  nanoparticles prepared by Jang et al. In that study 
a series of particles were produced with consistent diameters 
of 15 nm [  27  ]  and achieved a maximum room temperature  M  s  
of 99.3 emu g −1  for  x  = 0.4 (where the value of  M  s  is adjusted 
here from emu g −1  magnetic atom to emu g −1  Zn x Fe 3− x  O 4  for 
direct comparison). The ability to maintain constant particle 
size explains why these authors observe an increase in  M  s  for 
Zn doping up to  x  = 0.4. 

 Although PXRD measurements showed the presence of 
siderite, there should be no infl uence on the hysteresis loops 
from this antiferromagnetic [  28  ]  material, given the low propor-
tion present in the samples. Additionally, it is important to note 
that  M  s  is dependent upon the crystallite size of a material, 
with larger particles exhibiting higher  M  s  than smaller parti-
cles. [  29  ]  Based upon the observations seen in Figures  1 ,  2  that 
the average size of the zinc-doped nanoparticles decreases with 
zinc concentration, the changes in saturation magnetization 

       Figure 2.  Powder X-ray diffraction data. a) XRD patterns displaying 
magnetite and zinc doped magnetite peaks. Siderite is also present. 
b) Mean crystallite particle size from powder XRD compared to TEM 
determined by fi tting a Lorentzian curve to all peaks, then using the 
Scherrer equation to calculate mean particle size, compared against 
TEM determined mean size. c) Lattice parameter for magnetite with error 
bars determined from the standard deviation from the mean of all fi tted 
powder XRD refl ections. 
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with increasing dopant concentration was considered to be 
due to several different factors including the rate of micro-
bial Fe(III)-reduction, the potential heavy metal toxicity to the 
bacteria and the total number of Co-ferrihydrite particles pre-
sent in the experiments which could act as nucleation sites. 
Whilst it is not known which factor plays the dominant role in 
these experiments, we have shown previously that the size of 

shown in Figure  3 c, although dramatic, are actually below the 
optimum values that could theoretically be achieved if the sam-
ples had the same mean diameter. The reason for the decrease 
in particle size with increasing zinc content is not clear from 
the results presented however it is an effect that we have also 
observed with the incorporation of Co as a dopant in bio-
genic magnetite [  5  ] . In that study, the decrease in particle size 

       Figure 3.  SQUID magnetometry. a) 5 K hysteresis loops, b) 300 K hysteresis loops, c) variations in saturation magnetization  M  s , and coercivity  H  c  
obtained from hysteresis loops. d–f) FC and ZFC curves highlighting changes in magnetization of nanoparticles as a function of temperature. 
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do not intersect at any point, unlike those for Zn 0.42  where a  T  B  
of ≈270 K can be deduced (Figure  3 d,e). Similarly, the maxima 
observed in Figure  3 f for Zn 0.56  (≈170 K) and Zn 0.92  (≈20 K) 
correspond to the blocking temperatures ( T  B ) of those samples.  

  2.3   .  Cation Distributions 

  Figure    4  a,b show the X-ray absorption spectra (XAS) at the Fe 
 L  2,3  and Zn  L  3  edges, respectively, with the maximum of the 

magnetite nanoparticles produced via Fe(III)-reduction by  G. 
sulfurreducens  can be controlled by changing the amount of bac-
teria introduced at the start of the experiment [  11  ] . By applying 
this approach it should therefore be possible to produce larger 
nanoparticles which could potentially exhibit even larger  M  s  
values than those reported here. 

 The superparamagnetic transition was also studied by meas-
uring fi eld cooled (FC) and zero-fi eld cooled curves (ZFC). The 
spectra show that the blocking temperature  T  B , of Zn 0  and Zn 0.16  
must be above room temperature, because the ZFC and FC curves 

      Figure 4.  X-ray absorption data. a) XAS of Fe  L  2,3  edge, shoulder feature on low energy side of Fe  L  3  edge indicates increase in B site Fe 3+ , b) XAS of 
Zn  L 2,   3  edge, c) XMCD of Fe  L  2,3  edge measured at room temperature. Solid line corresponds to the fi t of the data points for each sample. d) cation 
distributions determined through fi tting of Fe XMCD spectra. 

Adv. Funct. Mater. 2014, 24, 2518–2529



F
U
L
L
 
P
A
P
E
R

2524

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the more negative gradient of the straight line fi t for Fe 2+ [B] 
sites compared to Fe 3+ (A) sites (Figure  4 d). If Zn 2+  was only 
entering Fe 3+ (A), the decrease in Fe 2+ [B] should exactly com-
pensate the decrease in Fe 3+ (A) in accordance with the formula, 
[Zn 2+   x  Fe 3+  1- x  ](Fe 2+  1- x  Fe 3+  1+ x  )O 4 . [  31  ]  The result suggests that there 
is also substitution of Zn 2+  into the octahedral sites in place 
of Fe 2+ [B]. Previous work using various techniques, including 
neutron scattering and muon spin rotation/relaxation, shows 
that zinc has very strong affi nity for the tetrahedral sites in the 
spinel, [  32,33  ]  hence stoichiometric zinc ferrite is expected to be 
an normal spinel (Zn 2+ ) A [Fe 3+  2 ] B O 4 . However, the partial inver-
sion of zinc ferrite has been observed previously in studies of 
nanoscale materials (<50 nm) [  30,34  ]  and this appears to agree 
with the results of the present study. The substitution of Zn 2+  
into the octahedral site in place of Fe 2+  would not affect the 
overall charge balance of the nanoparticles, hence its incorpora-
tion would not affect either of the Fe 3+  cations. From the fi tting 
results of Fe 2+ [B], Fe 3+ (A) and Fe 3+ [B] (Table  2 ), it is possible 
to estimate the relative occupancy of zinc in both tetrahedral 
and octahedral coordination by representing the formula for 
zinc ferrite as [Zn 2+   y  Fe 3+  1- y  ] A (Zn 2+   x-y  Fe 2+  1- x  Fe 3+  1- y  ) B O 4 , where 
 y  is the total (A) site zinc, and  x  is the total zinc. Using the 
occupancies of each iron cation, values of Zn 2+ (A) and Zn 2+ [B] 
were determined (Table  2 ). The results show that for low Zn x  
samples, whilst there is some incorporation of zinc into [B] 
sites, the preference for incorporation is on the (A) site. The 
values obtained for Zn 0.42  show Zn 2+ (A) and Zn 2+ [B] to be 
roughly equal, however, as there are twice as many B sites 
than A sites in the spinel, the preference can still be thought 
to remain with tetrahedral substitution. It is only in sample 
Zn 0.92 , where Zn 2+ [B] is more than double Zn 2+ (A) that one can 
say the zinc is now preferentially incorporated into an octahe-
dral environment. Interestingly, none of the cases is close to 
a random distribution of Zn, which would give the formula 
[Zn 2+   x   /3 Fe 3+  1- x /3 ] A (Zn 2+   2x/3  Fe 2+  1- x  Fe 3+  1+ x /3 ) B O 4  which highlights 
the superior ordering of substituted cations using biogenic 
nanoparticle production. 

 The reason for this change in zinc substitution preference 
is not known; it could be an effect of particle size (i.e., the 
larger surface area gives a preference for one particular site). 
A similar result was reported by Ehrhardt et al. for ZnFe 2 O 4  
where the amount of [B] site zinc increased over (A) site with 
decreasing particle size. [  35  ]  However, the occupancy changes 
could also be attributed to the changing value of zinc content 
( x ), with additional Zn weakening the exchange interactions 
and changing the partitioning, or even to the new biological 

average Fe spectra normalized to one. It is clear from the Fe  L  
edge spectra that, as the zinc concentration increases through 
the series, the shoulder feature on the low energy side of the  L  3  
edge becomes increasingly resolved into a separate peak. Such 
a feature is normally observed in oxidized magnetite samples, 
and reveals a decrease in the Fe 2+  concentration in the mag-
netite relative to the Fe 3+  concentration. The Zn  L  3  edges of 
the doped nanoparticles display spectra corresponding to those 
reported for a bulk ZnFe 2 O 4  powder, [  30  ]  thus showing incorpo-
ration of the Zn into the iron oxide spinel rather than forma-
tion of additional particles at the surface, in agreement with 
XRD lattice constant measurements. The intensity of the Zn  L  3  
spectra increases with zinc concentration as expected.  

 X-ray magnetic circular dichroism (XMCD) data for the Zn 
doped samples are presented in Figure  4 c. The intensity of 
the XMCD spectrum is a measure of the magnetization of the 
particles, provided that the average of the two associated XAS 
spectra has been normalized to one. This is demonstrated by 
sample Zn 0.16  appearing to be more magnetic than Zn 0  with 
Zn 0.92  exhibiting only a very small magnetic component. The 
peaks in the Fe  L  3  edge XMCD correspond to the relative 
amounts of ferrous and ferric iron oxidation states and their 
coordination environment, with Fe 2+ [B] matching the fi rst neg-
ative peak (lowest energy), Fe 3+ (A) the positive peak and Fe 3+ [B] 
the second negative peak. The spectra show that, as initial zinc 
concentration increases, there is both a decrease in the inten-
sity of the peaks associated with octahedral site Fe 2+  and tetra-
hedral site Fe 3+ , and an increase in octahedral site Fe 3+ . Fitting 
of the data using calculated spectra confi rms this interpretation 
(see  Table   2  and Figure  4 d).  

 Stoichiometric magnetite has a total electronic charge of 
zero, with the positive charges on the iron offset by the nega-
tive charge on the oxygen, that is, one Fe 2+  and two Fe 3+  ions 
are neutralized by four O 2−  ions. If Zn 2+  displaces tetrahedral 
Fe 3+  as observed, a charge imbalance is created. However, for 
overall charge neutrality to be maintained, for every Fe 3+  ion 
displaced by Zn 2+ , one Fe 2+  ion would need to oxidize to Fe 3+ . 
Figure  4 d illustrates the changes in Fe cation site occupan-
cies with respect to zinc substitution as determined by fi tting 
XMCD spectra measurements. The decrease in Fe 3+  tetrahe-
dral mirrors the increase in Fe 3+  octahedral site occupancies as 
zinc increases, as would be expected if one unit of Fe 2+ [B] was 
oxidized to Fe 3+ [B] in order to balance the overall charge when 
Fe 3+ (A) is replaced by Zn 2+ (A). 

 An unexpected observation is the signifi cantly faster 
decrease in Fe 2+ [B] than Fe 3+ (A) as Zn is added, as shown by 

 Table 2.   XMCD fi tting results with cation values accurate to ±0.02. 

   
Iron cation occupancies       Octahedral and Tetrahedral site ratios    

Sample   
Fe 2+ [B]   Fe 3+ (A)   Fe 3+ [B]   Zn 2+    Fe(A)%   Fe[B]%   Zn 2+ (A)   Zn 2+ [B]   

Zn 0   1.1  0.92  0.97  0  30.8  69.2  0.00  0.00  

Zn 0.16   0.89  0.85  1.1  0.16  30  70  0.13  0.03  

Zn 0.42   0.59  0.78  1.21  0.42  30.3  69.7  0.22  0.21  

Zn 0.56   0.57  0.69  1.18  0.56  28.4  71.6  0.25  0.32  

Zn 0.92   0.38  0.7  1.03  0.92  33.2  66.8  0.17  0.76  
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the individual spectra was not possible; however, such sextets 
have previously been suggested and are attributed to nearest 
neighbor interactions. [  37  ]  At high zinc content (Zn 0.56 ) a sig-
nifi cant number of octahedral cations have insuffi cient nearest 
neighbor magnetic Fe 3+ (A) cations to have ordered spins, giving 
rise to a quadrupole split doublet and an incomplete hyper-
fi ne fi eld even well below the material’s blocking temperature 
(170 K). Sample Zn 0.92  exhibits only quadrupole split patterns 
because there are insuffi cient nearest neighbor exchange inter-
actions between ferric and ferrous cations, despite the presence 
of some Fe 2+  in the octahedral environment as observed by 
XMCD. 

 Fitting of Zn 0  (biogenic magnetite) shows the sample to have 
isomer shifts and hyperfi ne fi elds for (A) and [B], which match 
very closely with those commonly observed for magnetite at 
room temperature. [  38–40  ]  The Zn 0.16  LT and RT, and Zn 0.42  LT 
spectra cannot be accurately fi tted without the addition of a 
doublet with parameters most accurately match those of an 
Fe 2+  mineral [  40  ]  and is most likely due to the carbonate min-
eral siderite which was observed in PXRD measurements. The 
general trend in IS shown by the fi rst three spectra (Table  3 ) 
indicate that, as the zinc concentration increases, the [B] site 
IS decreases as would be expected if Fe 2+ [B] was replaced with 
Fe 3+ [B] to maintain charge neutrality. IS values of the (A) site 
remain relatively unchanged, indicating that there is no reduc-
tion of Fe 3+ (A) to Fe 2+ (A), or incorporation of Fe 2+ (A) during the 
formation of the magnetic nanoparticles. The  B  hf  of both sites 
decrease with increasing zinc content (Zn 0  to Zn 0.42  inclusive). 
This is thought to be due to a decrease in exchange interaction 

methods by which the particles were produced which take place 
at low temperatures and may affect cation ordering. [  17  ]  Further 
investigation is required to determine the reason behind the 
inversion of Zn occupancy. 

 Mössbauer spectra ( 57 Fe) were collected for all fi ve zinc fer-
rite samples ( Figure    5  ) at room temperature (300 K) and low 
temperature ( ≈ 110 K). Parameters including isomer shift 
(IS), quadrupole splitting ( Δ  E Q  ) and hyperfi ne fi eld ( B  hf ) were 
obtained through fi tting of the spectra ( Table   3 ). Sample Zn 0 , 
shows spectra characteristic of magnetite with two Zeeman 
patterns visible due to ferric ions in tetrahedral sites, and fer-
rous and ferric ions in the octahedral environment. [  36  ]  As zinc 
incorporation increases, the hyperfi ne fi eld pattern collapses 
(samples beyond Zn 0.42  at 300 K and beyond Zn 0.56  at 110 K) 
until the spectra display only a doublet pattern for Zn 0.92 . These 
changes parallel the results obtained from SQUID ZFC/FC 
curve analysis which show that the blocking temperatures are 
below room temperature for Zn 0.42 , Zn 0.56  and Zn 0.92 . The  T  B  of 
Zn 0.42  is ≈270 K as measured by SQUID; however, this sample 
exhibits a range of sizes and some particles will not be entirely 
blocked, even at 300 K. This gives rise to a mixture of hyperfi ne 
fi eld sextet and paramagnetic doublet spectra as observed. The 
same applies to Zn 0.56  which also shows Zeeman splitting and 
doublets present in measurements at 110 K.   

 Samples Zn 0.16  (300 K and 110 K) and Zn 0.42  (110 K) con-
sist of sharp Lorentzian lines corresponding to the two overlap-
ping sextets as observed for Zn 0  (Figure  5 ). The line shape of 
the [B] site sextet is quite broad suggesting that the octahedral 
component is made up of several overlapping sextets. Fitting of 

      Figure 5.  Mössbauer spectra collected for fi ve zinc doped samples. Solid lines correspond to the fi ts to the data points. a) Room temperature measure-
ments shows clear hyperfi ne structure for sample Zn 0  and Zn 0.16  and a transition between the superparamagnetic and ferrimagnetic state for Zn 0.42 . 
b) Low temperature measurements at 110 K show some hyperfi ne fi eld structure for all samples except Zn 0.92 . 

Adv. Funct. Mater. 2014, 24, 2518–2529



F
U
L
L
 
P
A
P
E
R

2526

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the spin–spin  T  2  relaxation parameter.  T  2  contrast refl ects the 
ability of the nanoparticles to produce local magnetic inhomo-
geneities in the applied magnetic fi eld and therefore, the MRI 
contrast enhancement effects are directly related to the magnet-
ization of the nanoparticles. The contrast effi ciency is given by 
the relaxivity ( r  2 ), being the slope of  R  2  (or 1/ T  2 ) plot as a func-
tion of the nanoparticles concentration. To evaluate MRI effi -
ciency in this study, agar phantoms were prepared from stable 
water-based nanoparticles suspensions obtained by a citric acid 
coating route. 

 MRI investigations were performed for samples Zn 0,  Zn 0.16 , 
and Zn 0.42  for different iron concentrations, ranging from 
0.05  µ g mL −1  to 2.5  µ g mL −1 , at a polarizing fi eld of 2.35 T 
( Figure    6  ). For comparison purposes, a standard MRI com-
mercial contrast agent comprising conventional iron oxide 
nanoparticles, Feridex, was also measured under identical 
experimental conditions. R 2  results in Figure  6 , show a linear 
dependence with iron content, and evidence enhanced trans-
verse relaxivity of the biogenic Zn-doped ferrites in comparison 
with the commercial contrast agent. The highest relaxivity is 
obtained for Zn 0.16 , showing a superior MRI contrast enhance-
ment, being 5.2 times larger than Feridex (an increase of 
415%), with Zn 0.42  being 4.5 times larger (an increase of 345%).  

 Comparing to literature, C. Bárcena et al.  [  24  ]  have reported 
an increase of 91% (which is less than 1/4 times the enhance-
ment here) in  r  2  relaxivity over Feridex using mixed spinel 
hydrophobic Zn  x  Fe 3− x  O 4  nanoparticles encapsulated in poly-
meric micelles. Whilst, Jang et al.  [  27  ]  have found critical 

between (A) and [B] sublattices as the total number of nearest-
neighbor magnetic interactions (A-O-B) decreases as zinc is 
substituted into the magnetite crystal lattice. 

 The doublet parameters for Zn 0.92  closely match values pre-
viously observed for stoichiometric zinc ferrite ZnFe 2 O 4  [  41–43  ]  
(albeit with a slightly larger quadrupole splitting). The increased 
quadrupole splitting has been observed previously at room tem-
perature by Ehrhardt et al. [  35  ]  whilst studying size-dependent 
effects in nanosized ZnFe 2 O 4  with smaller particle size leading 
to increasing  Δ  E Q  . In that study, the increase was attributed to 
the zinc substitution preference switching from (A) to [B] sites 
as particle size decreases. This inversion of site preference was 
observed here using XMCD, but the results from both tech-
niques are unable to determine any conclusive reason for Zn 
being incorporated into the octahedral sites. The emergence of 
a second doublet in Zn 0.92  at low temperature points to the pos-
sible formation of a Zeeman pattern, as temperature decreases 
and the sample becomes magnetically ordered as observed in 
previous studies on zinc ferrite. [  44,45  ]   

  2.4   .  Application to Magnetic Resonance Imaging 

 The signifi cance of the reported enhancement of the mag-
netic moment by Zn doping for MRI biomedical applica-
tion is shown here. The ability of magnetic contrast agents to 
increase the rate of nuclear magnetic resonance (NMR) relaxa-
tion of surrounding protons is mostly based on their effect on 

 Table 3.   Extracted Mössbauer parameters. IS is isomer shift,  Δ  E Q   is quadrupole splitting,  B  hf  is hyperfi ne fi eld, (A) is tetrahedral site sextet, [B] is 
octahedral site sextet, and Db is doublet. 

Sample  
Temperature  

K

Site  IS  

[mm s −1 ]   

 Δ  E Q    

[mm s −1 ]   

 B  hf   

(kOe)

Population

[%]     

Zn 0   300  (A)  0.30  0.02  486.0  33.0  

  
  [B]  0.65  0.02  451.6  67.0  

  
110  (A)  0.39  0.00  505.7  33.3  

  
  [B]  0.74  –0.01  482.2  66.7  

Zn 0.16   300  Db  0.68  2.20  –  5.5  

  
  (A)  0.31  0.00  463.7  28.0  

  
  [B]  0.58  0.00  422.8  66.6  

  
110  Db  0.85  2.31  –  5.4  

  
  (A)  0.44  –0.02  501.0  28.0  

  
  [B]  0.61  –0.04  471.6  66.6  

Zn 0.42   300  –  –  –  –  –  

  
110  Db  0.76  1.90    12.1  

  
  (A)  0.44  0.00  485.4  19.8  

  
  [B]  0.56  –0.03  452.2  68.1  

Zn 0.56   300  Db1  0.35  0.42  –  38.5  

  
  Db2  0.75  1.06  –  61.5  

  
110    –  –  –  –  

Zn 0.92   300  Db1  0.36  0.41  –  100.0  

  
110  Db1  0.44  0.46  –  68.0  

  
  Db2  0.88  1.69  –  32.0  
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respectively) was achieved through a loading of only 5% zinc. 
Lattice parameter changes were determined through PXRD anal-
ysis, confi rming that the zinc was incorporated into the crystal 
structure of the magnetite rather than forming a surface layer. 

 Changes in the cation distribution of iron and zinc within 
the crystal structure were investigated using XMCD and Möss-
bauer spectroscopy to further understand the interactions 
which dictate the magnetic properties. The results indicate 
the substitution of Fe 3+ (A) sites with Zn 2+ , combined with the 
oxidation of Fe 2+ [B] sites to Fe 3+ [B]. Additionally, evidence sug-
gests that some zinc may have also entered into the octahe-
dral sites in place of Fe 2+ [B]. This effect is observed to increase 
throughout the series with Zn 2+  being preferentially incorpo-
rated into the [B] site rather than (A) for the highest concentra-
tion zinc sample (Zn 0.92 ). It is thought that the “non-normal” 
cation ordering may be due to a combination of the size of the 
material, and the temperature at which it was produced. The 
location of iron within the lattice has a profound impact on the 
magnetic properties of the material, with the combined effect of 
substitution and reduction leading to a decrease in the antipar-
allel magnetic moments of the Fe 3+  cations, plus an increase 
in the total Fe 3+  present in [B] with respect to Fe 2+  which have 
magnetic moments of 5  µ  B  and 4  µ  B , respectively. These factors 
lead to the increase in  M  s  that is observable for the low zinc 
concentration samples in the series. 

 The decrease in overall magnetization as zinc continues to 
be incorporated is explained by exchange interactions between 
the crystal lattice sites. In stoichiometric magnetite, the A-O-B 
site interactions, mediated via oxygen atoms, dominate so as to 
align the A and B sites antiparallel. As Fe 3+ (A) is replaced with 
diamagnetic Zn 2+ , B-O-B site interactions begin to take over, ini-
tially resulting in spin canting, before aligning anti-parallel mag-
netic spins within the B site itself, hence the overall magnetic 
moment decreases and tends towards zero. In normal spinel 
Zn ferrite, antiferromagnetic superexchange interactions occur 
between Fe 3+  ions located in B sites, whereas in a mixed spinel, 
the interactions occur between Fe 3+  located in A and B sites. [  48  ]  

 The key effect of the enhanced magnetic response of the 
nanoparticles on their MRI performance is demonstrated, with 
the relaxivity properties varying according to the evolution of 
the saturation magnetization of the nanoparticles at   room 
temperature. Superior MRI performance of these biogenic Zn-
doped samples is shown, leading to an MRI contrast enhance-
ment among the largest reported ones, more than 5 times 
larger than a standard contrast agent (Feridex), for the sample 
showing the maximum saturation magnetization (nearly 
100 emu g −1 ) with only 5% of zinc loading. 

 To conclude, the precise control over the Zn cation substi-
tution is required to reveal enhanced  M  s . These results pre-
sented here demonstrate the signifi cant potential of an environ-
mentally benign biogenic route that could be used to achieve 
the desired level of control, leading to the production of high 
moment nanoparticles.  

  4   .  Experimental Section 

  Synthesis of Zinc–Iron Oxyhydroxides : Zn(II)–Fe(III) zinc–iron 
oxyhydroxides were synthesized by dissolving varying quantities of ZnCl 2  
and FeCl 3  in aqueous solution, with the amount of ZnCl 2  added to each 

enhancements of MRI contrast for 15 nm sized single crys-
talline and size monodisperse (  σ   < 5%) Zn 2+  doped synthetic 
nanoparticles of Zn  x  Mn 1- x  Fe 2 O 4  and Zn  x  Fe 1- x  Fe 2 O 4 . This latter 
study found that (Zn 0.4 Fe 0.6 )Fe 2 O 4  and (Zn 0.4 Mn 0.6 )Fe 2 O 4  nano-
particles have MRI contrast effects that are 2.5 and 2 times 
larger than those of undoped Fe 3 O 4  and MnFe 2 O 4  nanoparticles, 
respectively. Similarly, we have obtained here a contrast effect 2 
times larger than the undoped Fe 3 O 4  using a biogenic route. 
Recent reviews of MRI contrast agents  [  46,47  ]  show that doped-
ferrite nanoparticles, such as Zn  x  Fe 1- x  Fe 2 O 4 , Mn  x  Fe 1- x  Fe 2 O 4 , 
and Fe core/ferrite shell of Mn  x  Fe 1-   x  Fe 2 O 4  exhibit the highest 
 R  2  among reported values (3 to 10 times Feridex). Although 
strict comparison between published data requires identical 
values of polarizing fi eld, echo time, number of spin echoes 
and suspending medium self-diffusion coeffi cient, we notice 
that the largest relaxivity obtained here (5.2 times Feridex for 
Zn 0.16 ) remains among the largest reported enhancements. 

 Furthermore, the expected key effect of the enhanced mag-
netic response of the nanoparticles on their MRI performance 
is evidenced here: the relaxivity properties vary according to the 
trend of the saturation magnetization of the nanoparticles at 
room temperature, with the largest contrast enhancement cor-
responding to the maximum  M  s  reached at Zn 0.16  (97 emu g −1 ). 
This clearly demonstrates the fundamental role of the intrinsic 
magnetic properties for the biomedical performance of the 
nanoparticles.   

  3   .  Conclusions 

 In this work, zinc has been incorporated into the crystal struc-
ture of magnetite to enhance the magnetic moment of magnetic 
nanoparticles. A range of zinc-doped magnetic nanoparticles 
containing varying concentrations of zinc were produced using 
biogenic reduction of Fe(III)-Zn(II) bearing minerals by the bac-
terium  Geobacter sulfurreducens . An increase of 56% and 52% in 
the saturation magnetization of the particles (at 5 K and 300 K, 

      Figure 6.  Proton transverse relaxation rate (R 2 ) versus the iron content 
for samples Zn 0  (�), Zn 0.16  (O), and Zn 0.42  ( Δ ) in comparison with a 
standard MRI contrast agent (Feridex) (�). Solid line corresponds to the 
linear fi t of the data points for each sample. 
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 Transmission electron microscopy (TEM) was carried out using a 
Philips CM 200 electron microscope at the Leeds Electron Microscopy 
and Spectroscopy (LEMAS) Centre, University of Leeds, UK. The 
microscope was equipped with a fi eld emission gun, EDX detector 
(Oxford Instruments, ISIS software) and Gatan imaging fi lter (GIF200). 
All images were obtained using an operating beam voltage of 200 kV. 
Particle size distributions were determined by measurement of the 
diameter of a population size of  n  = 200 particles per sample. 

 Superconducting quantum interface device (SQUID) magnetometry 
was used to determine the magnetic properties of samples which were 
were washed three times in deionised water and dried in a glovebox 
before being constrained in eicosane. Measurements were performed 
using a Quantum Design MPMS-XL SQUID equipped with a 7 T magnet, 
with zero-fi eld cooled (ZFC) and fi eld-cooled (FC) magnetization curves 
recorded between 5 K and 300 K in an applied magnetic fi eld of 100 Oe. 
Residual diamagnetic signals detected from the sample holder and 
eicosane were measured and subtracted from the raw data. Saturation 
magnetization ( M  S ) values were determined as the maximum recorded 
magnetization and measured in emu g −1  of the whole sample. 

 The chemical composition of solid particles was determined using 
electron probe microanalysis (EPMA) with a Cameca SX100 microprobe 
equipped with wavelength dispersive spectrometer and operating at a 
voltage of 15 kV with a specimen current of 20 mA. Pure metals were 
used as standards. 

 Water-based nanoparticles suspensions were prepared by coating with 
citric acid (CA), as described elsewhere, [  56  ]  by conferring negative surface 
charge to the nanoparticles. Stability of the citric acid coated nanoparticles 
in water was confi rmed by zeta potential measurements, obtaining 
values between –30 mV and –50 mV, what confi rms good stability of the 
negatively charged suspensions. From the water suspensions, phantoms 
of 1.5% w/v agar have been prepared for MRI experiments. 

 Determination of the Fe content in the nanoparticles suspensions used 
for MRI investigations was done by Inductively Coupled Plasma (ICP) 
analysis, by digesting samples in high-purity nitric acid. Nanoparticles 
suspensions were mixed with concentrated nitric acid (70%) and heated at 
60 °C for 48 h. Resulting samples were diluted with deionized water (up to 
fi nal 2% nitric acid) and 0.2  µ m fi ltered. Complete digestion of unfi ltered 
highly concentrated nanoparticles suspension was previously confi rmed 
by Dynamic Light Scattering measurements before and after digestion. 

 All MRI measurements were done at  B  0  = 2.35 T with the Bruker 
Biospec MSME sequence, echo time  T  E  = 10.25 ms, 128 spin echoes, 
repetition time  T  R  = 4.5 s. Seven 2 mL Eppendorf vials were imaged 
simultaneously to obtain the data for seven different values of 
concentration. Relaxation values were further extracted with mono 
exponential fi tting using MATLAB home built software applied on the 
raw echo images.  
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