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a  b  s  t  r  a  c  t

Quantitative  analysis  of  Co and  Fe  using  X-ray  photoelectron  spectroscopy  (XPS)  is of important  for  the
evaluation  of the  catalytic  ability  of  Co-substituted  magnetite.  However,  the overlap  of  XPS peaks  and
Auger  peaks  for  Co and Fe  complicate  quantification.  In this  study,  non-linear  least  squares  fitting  (NLLSF)
was used  to  calculate  the  relative  Co  and Fe contents  of a series  of  synthesized  Co-substituted  magnetite
samples  with  different  Co doping  levels.  NLLSF  separated  the  XPS  peaks  of Co  2p  and  Fe  2p  from  the
eywords:
on-linear least squares fitting
uantitative analysis
-ray photoelectron spectroscopy
o-substituted magnetite

Auger  peaks  of Fe  and  Co,  respectively.  Compared  with a control  group  without  fitting,  the accuracy
of  quantification  of  Co and  Fe  was  greatly  improved  after  elimination  by NLLSF  of the  disturbance  of
Auger  peaks.  A  catalysis  study  confirmed  that  the  catalytic  activity  of  magnetite  was  enhanced  with  the
increase  of Co substitution.  This  study  confirms  the  effectiveness  and  accuracy  of  the NLLSF  method  in
XPS quantitative  calculation  of  Fe and Co  coexisting  in a material.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Extensive research has focused on transition metal (Co, V, Ni,
n,  Ti, etc.) substituted magnetite because of its surface catalytic

roperties [1–5]. For example, the catalytic activities of magnetite
n the heterogeneous Fenton reaction are greatly improved by the
ntroduction of Mn  [6], V [7], and Co [3]. The chemical state, con-
ent, and distribution of substituting cations in the spinel structure
f magnetite are key factors that strongly affected the catalytic
erformance of magnetite [8]. Thus, quantitative analysis of the
ctive metal cations in the surface of magnetite is important for
he evaluation of catalytic ability.

X-ray photoelectron spectroscopy (XPS) is an effective and
eliable analytical method for elemental identification and quan-

ification of the chemical states of active surface atoms because
t is surface sensitive and non-destructive [9]. Most XPS studies of

agnetite were focused on the determination of the Fe2+/Fe3+ ratio
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etallogeny/Guangdong Provincial Key Laboratory of Mineral Physics and Mate-

ials, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (CAS),
ushan, Guangzhou 510640, China.
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[10,11] and the effects on the adsorption, reduction, or removal
of heavy metals [12–14]. Few reports have examined the relative
quantities of the substitution element and Fe in transition metal-
substituted magnetite, providing the motivation for the present
study.

The photoelectron spectrum of transition metal oxides is typ-
ically complicated due to peak asymmetries, complex multiplet
splitting, shake-up and plasmon loss structures, and uncer-
tain, overlapping energies [9,15]. For example, the Fe 2p region
(700–740 eV) overlaps with the Auger peak of Co (713 eV); simi-
larly, the Auger peak of Fe (784 eV) appears within the Co 2p region
(770–815 eV) [16]. Consequently, when these two  elements coex-
ist in the same sample, the peak shapes of Fe 2p and Co 2p are
quite different from their respective standard spectra. Thus, for Co-
substituted magnetite, the disturbance caused by Auger peaks of Fe
and Co may  result in the over- or underestimation of the content
of these elements when only the original 2p peaks of Fe and Co are
used for quantification.

To resolve the complicated XPS spectra of transition metal

oxides, extensive, detailed analyses are performed using different
background-subtraction methods or curve-fitting methods [17,18].
Non-linear least squares fitting (NLLSF) is one commonly used fit-
ting method. NLLSF is a form of least squares analysis that is used
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Fig. 1. XPS survey spectra of the referenc

o fit a set of m observations using a model that is non-linear in n
nknown parameters (m > n). NLLSF is used in some forms of non-

inear regression. The basis of NLLSF is to approximate the model
y a linear regression and to refine the parameters by successive

terations. When using NLLSF to fit an XPS spectrum complicated
y peak overlapping, references must first be defined. The refer-
nce components can be obtained from various sources, such as
rom within the multi-level data set, standard data (a pure compo-
ent spectrum), or derived data (synthetic components obtained by
eak fitting). By adjusting the shift parameters, NLLSF allows the

eak intensity and peak position of reference spectra to be auto-
atically optimised to get the best fitting result (in the form of an

nvelope curve) for the original data. Then, by comparison with the
ples (magnetite (a), cobalt chloride (b)).

original data, the interference peak can be separated from the target
XPS peak after fitting, and the relative content of the corresponding
components can also be accurately quantified.

In this study, the NLLSF method was adopted for the quantitative
analysis of the XPS spectra of a series of synthesized Co-substituted
magnetite samples with different Co dopant amounts. We  aimed
to eliminating the disturbance caused by the Auger peaks of Co
and Fe, obtain accurate quantification results for Co and Fe in
Co-substituted magnetite, and consequently provide useful infor-
mation for a follow-up study on the catalytic mechanism of this

material.
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Fig. 2. Original Fe 2p and Co 2p s

. Experimental

.1. Preparation of magnetite samples

All chemicals and reagents used in this study were of analytical
rade. Co- substituted magnetite samples were synthesized using
agnetite (Fe3O4) and cobalt chloride (CoCl2) by a precipitation-

xidation routine [4,5]. The resultant samples were labeled S0.25,
0.50, S0.75, and S1.0, corresponding to the initial Co doping amounts

x) in Fe3-xCoxO4 of 0.25, 0.50, 0.75, and 1.0, respectively. These
alues were theoretical; the actual values were determined by
hemical analysis.
 of the Co-substituted magnetite.

2.2. Characterization and methods

The chemical composition of the prepared Co-substituted mag-
netite samples was determined by chemical analysis. The Fe
content and Fe2+/Fe3+ ratio were measured spectrophotometri-
cally by the phenanthroline [19,20]. The Co content and valence
were detected using nitroso R salt spectrophotometric method [21]
and X-ray absorption near-edge structure spectroscopy (XANES),
respectively.
The X-ray diffraction (XRD) patterns of the samples were
recorded between 10◦ and 80◦ at a scan rate of 1◦ min−1 using a
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Fig. 3. NLLS

ruker D8 Advance diffractometer with a Ni filter and Cu K� radi-
tion (40 kV and 40 mA).

XPS measurements were performed using a K-Alpha X-ray
hotoelectron spectrometer (Thermo Fisher Scientific, UK) with a
onochromatic Al K� X-ray source (excitation energy = 1468.6 eV).

he XPS analysis chamber was evacuated to ultra-high vacuum (a
ressure of 5 × 10−8 mbar or lower) before analysis. Spectra were
ollected from 0 to 1350 eV using an X-ray spot size of 400 �m with
 pass energy of 100 eV for wide scan and 30 eV for individual ele-
ents. Binding energies were corrected relative to the carbon 1 s

ignal at 284.8 eV.
lts for S0.25.

The XPS data analysis was completed using Avantage software.
The NLLSF procedure can be summarized as follows. (1) Reference
spectra were defined and loaded into software, along with the orig-
inal spectrum. (2) NLLSF was  selected as the fitting method. (3)
The linear method was  chosen for background subtraction. (4) The
binding energy range for background subtraction was identified. (5)
Shift parameters (Max shift range, Step size) were set. (6) NLLSF was
initiated. Then, by repeatedly adjusting the shift parameters, a best-

fitting result was obtained. Once the fitting result was accepted, the
different component spectra in the original overlapping data were
isolated (the real Fe 2p and Co Auger peaks from the original Fe
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Table 1
Chemical analysis results for Co-substituted magnetite samples.

Sample Co/Fe mass
ratio

Fe/Co atomic
ratio

Fe2+/Fe3+

ratio
Formula

S0.25 0.075 14.00 0.28 Fe2+
0.61Fe3+

2.19Co2+
0.20O4

S0.50 0.177 5.98 0.58 Fe2+ Fe3+ Co2+ O4
Fig. 4. NLLS

p region, and the real Co 2p and Fe Auger peaks from the original
o 2p region), and the corresponding atomic ratio of each element
as obtained. For the comparison group, the SMART method was

elected for background subtraction, and the atomic ratio of Fe to
o was directly calculated from the original Fe 2p and Co 2p peaks
ithout curve fitting.

. Results and discussion

.1. Chemical analysis and XRD
From the chemical analysis results (Table 1), it can be seen that
he content proportionality of cobalt to iron increases with the con-
ent increment of Co, indicating the substitution of cobalt for iron.
0.94 1.63 0.43
S0.75 0.300 3.48 0.71 Fe2+

0.97Fe3+
1.36Co2+

0.67O4

S1.0 0.452 2.33 0.75 Fe2+
0.90Fe3+

1.20Co2+
0.90O4

XANES results indicated the valence of Co in magnetite samples

was mainly +2 (see Supplementary data, Fig. S1). The chemical for-
mula and atomic ratio of Fe to Co of these samples as calculated
from the chemical analysis results are also shown in Table 1. The
atomic ratio of Fe to Co decreased with increasing of the Co doping
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Fig. 5. NLLS

mount, companied by the increase of Fe2+/Fe3+ ratio, indicating
he selective substitution of Fe3+ by cobalt.

The XRD patterns of prepared samples were similar to those of
he standard card of magnetite (JCPDS: 19-0629) [22], indicating
hat all the introduction of Co cations did not clearly change the
pinel structure of magnetite.

.2. XPS analysis

.2.1. Reference spectra

Fig. 1 presents the XPS survey curves for reference samples for

he Fe 2p (magnetite) and Co 2p (cobalt chloride) regions. The C
s peak in these two spectra and the O 1s signal in Fig. 1b were
ttributed to compounds adsorbed on the surfaces of the samples
lts for S0.75.

due to exposed to air. For magnetite, the peak positions of Fe 2p3/2
and Fe 2p1/2 were 710.8 and 724.1 eV, respectively. Each peak pos-
sessed a broadened satellite peak. The Co 2p3/2 and Co 2p1/2 peaks of
cobalt chloride were observed at 781.1 and 797.1 eV, respectively.
Obvious shake-up satellite features for Co 2p3/2 and Co 2p1/2 were
also observed at 786.1 and 803.1 eV, respectively. The satellite peak
at 786 eV is typically used to confirm the existence of divalent Co
[23].

3.2.2. Original Fe 2p and Co 2p spectra

The original Fe2p and Co2p spectra of the Co-substituted mag-

netite samples are shown in Fig. 2. As the Co content increased,
the peak intensities of Fe 2p3/2 (710.8 eV) and Fe 2p1/2 (724.1 eV)
gradually weakened. The decrease in intensity was accompanied
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Fig. 6. NLLS

y broadening of their peak shapes (Fig. 2a), indicating a decrease
n Fe content in the samples and disturbance resulting from Co sub-
titution. Simultaneously, the Co 2p3/2 and Co 2p1/2 peaks, and their
atellite peaks became stronger and sharper with the increment of
o.

.2.3. NLLSF results for the original Fe 2p and Co 2p spectra
Fig. 3 displays the NLLSF results for S0.25. The Fe 2p spectrum

erived from NLLSF coincided well with the original data and the
nvelope curve. The separated Auger peak of Co2p was very weak

nd nearly coincident with the background (Fig. 3a). Thus, at this a
ow doping amount (0.25), the overlapping effect of the Auger peak
f Co2p on the XPS peak of Fe 2p can be ignored. Noise was  clearly
vident in the original Co2p spectrum, due to the very low content
lts for S1.0.

of Co in S0.25 (Fig. 3b). Moreover, the coincidence of the original data
and the obtained envelope curve for Co 2p after the fitting was  not
as strong as for Fe 2p, and the intensity of the Fe Auger peak was
even stronger than the fitted XPS peak of Co 2p. Thus, there will be
an error in the quantitative results of Co if the interference of Fe
Auger peak is neglected.

As shown in Figs. 4, 5 and 6, with increasing Co, the match of the
envelope curves of Co 2p obtained from NLLSF with the original
Co 2p data improved. Furthermore, the fitted Co 2p peak became
increasingly evident, whereas the peak intensity and peak area of
the separated Fe Auger peak gradually decreased. When the Co

doping amount was  ≥0.50, the fitted peaks of Fe 2p started to
deviate from the original data and the envelope curve due to the
disturbance caused by Co Auger peak. Accordingly, a trend of con-
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Table  2
Comparative data of Co/Fe atomic ratio in Co-substituted magnetite using different
determination and fitting methods.

Sample XPS Chemical analysis

method Fe% Co% Co/Fe Co/Fe

S0.25 C 79.22 20.78 0.262 0.071
N 93.72 6.28 0.067

S0.50 C 75.05 24.95 0.332 0.167
N 87.15 12.85 0.147

S0.75 C 64.44 35.56 0.552 0.287
N 77.15 22.85 0.296

S1.0 C 55.94 44.06 0.787 0.429
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[

[

[

[
analysis during removal of Cr(VI) from contaminated water by mixed
maghemite?magnetite nanoparticles, J. Hazard. Mater. 235–236 (2012)
N 64.57 35.43 0.549

inuous enhancement of the separated Co Auger peak spectrum was
bserved with increasing Co doping amount. Overall, the changes in
he peak intensity and peak area of the Fe Auger were more appar-
nt than those of the Co Auger peak, implying that the interference
ffect of Fe on the quantitative analysis of Co content is greater than
hat of Co on Fe.

.2.4. Quantitative analysis
After isolating the interference Auger peaks by NLLSF, the fitted

e 2p and Co 2p peaks were used to calculate the atomic% of Fe
nd Co, respectively. The quantitative analysis results are given in
able 2. C indicates the control group, in which the original spectra
ere directly used without fitting to calculate the atomic% of Fe

nd Co, and N represents the group in which the atomic% were
alculated using the fitted spectra of Fe 2p and Co 2p after NLLSF
rocessing. With increasing Co, the calculated Fe% in both group

 and group N generally decreased, whereas the calculated Co%
xhibited an increasing trend. However, for the same sample, the
btained value of Fe% was clearly higher in group N than in group C,
nd the value of Co% exhibited the opposite trend. These profiles led
o significant differences in the ratio of Co/Fe for these two groups.

As revealed by X-ray absorption fine structure (XAFS) spec-
roscopy previously, the Co atoms are uniformly distributed in
he spinel structure of magnetite [24,25], which means that the
tomic% of Co and Fe on the surface of the sample is similar to that
f the whole sample. Thus, the ratio of Co/Fe obtained from the XPS
esults should be similar to that acquired from the chemical anal-
sis. In the present study, comparison of the Co/Fe ratios of group

 and group N with the chemical analysis results revealed that the
alues for group N were significantly better match to the chemical
nalysis data (Table 2). These results confirm the effectiveness and
ccuracy of the NLLSF method for the XPS quantitative calculation
f Fe and Co coexisting in a single material.

.3. Catalytic performance

To investigate the effect of the incorporation of Co on the reactiv-
ty of magnetite, the samples were used as heterogeneous catalysts
n the degradation of acid orange II (AOII) by oxone at neutral
H [25]. The AOII degradation were described by a pseudo-first-
rder kinetic equation (see Supplementary data, Fig. S2). The kapp

alues (apparent pseudo-first-order rate constant (min−1)) were
.92 × 10−4, 0.0286, 0.0337, 0.0996, and 0.127 min−1 for the sys-
ems catalyzed by Fe3O4, S0.25, S0.50, S0.75, and S1.0, respectively. A
emarkable positive relationship was observed between the Co/Fe
atio and the kapp, which reflected that Co substitution improved

he reactivity of magnetite and the catalytic activity obviously
nhanced with the increase of Co substitution in magnetite.

[

ence 389 (2016) 438–446 445

4. Conclusion

In this study, NLLSF was used to calculate the relative contents
of Co and Fe in Co-substituted magnetite samples with different Co
doping concentrations. NLLSF separated the XPS peaks of Co 2p and
Fe 2p from the Fe and Co Auger peaks, respectively. Significantly
more accurate quantification results for Co and Fe were obtained
after the interference from the Auger peaks was eliminated. A catal-
ysis study confirmed that Co substitution improved the reactivity
of magnetite, and this catalytic activity was greatly enhanced with
the increase of Co substitution in magnetite. This study confirms the
importance and accuracy of NLLSF in XPS quantitative calculation
of Fe and Co coexisting in a single material.
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