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a b s t r a c t

Mesoporous silica hollow spheres with a homogenous and high content distribution of Fe and Co were

synthesized by a facile one-pot hydrothermal process. The sub-nanometer bimetallic components inside

the silica framework facilitate the stable fixation and the open accessibility to active sites. The co-doped

Fe/Co in the spheres showed excellent peroxidase-like activity and much higher catalytic performance

than their monometallic-supported spheres. The synergistic effect between Fe and Co promotes the con-

tinuous formation of functional radicals during the oxidation process and thus accelerates the reaction

rate. When used for colorimetric detection of hydrogen peroxide (H2O2), the Fe/Co incorporated silica

hollow spheres show the capability of detection of H2O2 in a wide range (10-250 μmol/L) and with the

low detection limit of 0.012 ppm.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The incorporation of metals in mesoporous silica is one of the

most effective pathways to bring function to inert silica struc-

tures [1,2]. The doped metals may serve as active nano-catalysts

for diverse processes, including dehydrogenation of propane [3],

hydrogenation of amides [4], acetylene hydrochlorination [5], CO2

methanation [6], oxidation of organic pollutants [7], and glucose

oxidation [8].

To achieve controllable incorporation and stable fixation of met-

als in silica, it is essential to adjust the structural relationship be-

tween supports and metals. One obstacle in the fabrication pro-

cesses is how to keep the hollow space of the support with the ac-

cessibility of active sites. The loading of metals by post-adsorption

of metal species in mesoporous silica is the most used strategy [9–

11]. However, it may easily cause the formation of large metal par-

ticles and partial blocking of the porous spaces or unfavorable ag-

gregations during usage, which may lead to a decrease in catalytic

activity and stability. Therefore, fabrication of active metal-loaded

mesoporous silica with a high dispersion state is not an easy task.

It is also more challenging to incorporate multi-metals in silica,

which are prospective for further enhancement of catalytic perfor-

mance due to synergistic effects [12,13].
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Here, we successfully fabricated newly bimetallic incorporated

silica hollow spheres of Fe-Co@SHSs by facile one-pot hydrother-

mal process (Fig. 1a). The distribution state of Fe and Co com-

ponents within the silica matrix is different from other reported

metal-loaded silica spheres. The stable incorporation in the silica

framework and porous feature of the silica spheres may facilitate

the access of active Fe/Co to external molecules. We analyzed the

synergistic effect of metals by comparing the peroxidase-like ac-

tivity of Fe-Co@SHS with the monometallic doped silica of Fe@SHS

or Co@SHS. In addition, a novel colorimetric detection system for

H2O2 was constructed based on Fe-Co@SHS.

The incorporation of Fe and Co in silica spheres was through

integrating two metal species during the dissolution-regrowth pro-

cess of silica in NaBH4 solution. The process may lead to the

formation of porous silica frameworks with plenty of structural

defects and silanol groups [14,15]. The metal ions added in the

process are inclined to adsorb on the negatively charged silicate

species and occur oxidation with the regrowth of silica networks

[16,17]. From our previous study, the doped metal amounts and

states may lead to different catalytic efficiencies of the hollow

spheres [17]. The optimal loading concentration is 1 mmol/L, which

resulted in the doping amount of about 6 wt% in the spheres. A

higher loading amount in the structure may cause partial blocking

of the pores and the bigger metal aggregates, which decrease the

catalytic performance. We thus set the doping ratio of Fe and Co
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Fig. 1. (a) Scheme for the preparation of Fe-Co@SHS with enhanced peroxidase-like activity. (b) SEM image, (c, d) TEM images of bimetallic Fe-Co@SHS. (e) STEM images

and (f) corresponding element mappings of bimetallic Fe-Co@SHS.

to 1:1 with the metal ion concentration of 1 mmol/L in this work.

Fig. S1 (Supporting information) shows the appearance of the mix-

ing dispersion of silica particles (30 mg/mL) with Fe (1 mmol/L)

and Co ions (1 mmol/L). The dispersion’s color (pink yellow) is dif-

ferent from that of the silica particles dispersion (white) and the

dispersions with sole Fe ion (pale yellow) or Co ion (light pink). It

suggests the well-mixing states of two metal ions with silica par-

ticles in the mixture solution. The addition of NaBH4 may change

the solution color into black due to the reduction of Fe3+ and Co2+

into Fe0 and Co0 (Fig. S1). After the hydrothermal reaction at 140

°C for 20 h, the solution turns to dark brown color (Fig. S1), which

should be due to the formation of Fe(OH)(OOH) and Co(OH)(OOH)

in the silica matrix [17]. Fig. S2 (Supporting information) shows the

image of the solid silica samples with Fe/Co co-incorporation (Fe-

Co@SHS). The powder sample has a brown color, while the samples

of Fe@SHS and Co@SHS by a similar fabrication process show pale

yellow and light pink colors, respectively.

SEM and TEM investigations on Fe@SHS, Co@SHS, and Fe-

Co@SHS indicate the formation of hollow spheres composed of

nanosheet networks (Figs. 1b and c, Figs. S3-S5 in Supporting infor-

mation). The size of the spheres is about 500 nm in diameter and

60 nm in thickness. The silica nanosheets in shells is about 5-10

nm in thickness. We can observe tiny black spots with the size of

∼1-2 nm homogeneously distributed on the shell of the spheres in

the TEM images (Fig. 1d and Fig. S5). In comparison with the hol-

low spheres without metal, these tiny black spots should be the

aggregates from Fe/Co components in the silica framework. The el-

emental mapping and the energy-dispersive X-ray (EDX) analyses

demonstrate the homogeneous distribution of Fe and Co elements

in the structure. (Figs. 1e and f, Fig. S6 in Supporting information).

XRD pattern of Fe-Co@SHS exhibits a broad peak from the

amorphous silica around 23° (Fig. 2a). Similar patterns also dis-

play for SHS without metal and Fe@SHS or Co@SHS. Diffraction

peaks from Fe or Co species can not be observed for Fe@SHS and

Co@SHS, which should be due to the too-small aggregate state in

the structures beyond the XRD detection limit (>2 nm). It suggests

the formation of highly dispersed metal components within the sil-

ica matrix by this strategy. A weak diffraction peak at 35.44° ap-

pears for Fe-Co@SHS, which can be assigned as cobalt iron oxide

(JCPDS No. 22-1086). To further confirm the formation of cobalt

iron oxide within the porous silica framework, we carried out

the synthesis process by only mixing the Fe and Co ions in the

NaBH4 solution. The results prove that the mixture of Fe and Co

ions may form cobalt iron oxide after the hydrothermal reaction,

which exhibits more obvious diffraction peaks in the XRD spec-

trum (Fig. S7 in Supporting information). It thus suggests that the

co-incorporation of Fe and Co species tends to form CoFeOx in the

silica sphere rather than separated iron or cobalt oxides during the

regrowth process of silica.

From the FT-IR spectra of Fe-Co@SHS, Fe@SHS, Co@SHS, and

SHS (Fig. 2b), we can find that the broadband for the terminal -OH

groups at 3450 cm−1 is strengthened for Fe-Co@SHS [18]. And the

absorption for the siloxane network around 1100 cm−1 is shifted to

lower wavenumbers. It suggests the formation of more incomplete

silica frameworks with the doping of metals [19,20]. The bending

vibration of Si-O-Si around 460 cm−1 is also shifted for Fe-Co@SHS,

Fe@SHS, and Co@SHS, which might be due to the formation of Si-

O-Co or Si-O-Fe [21].

The chemical states and composition of the metals in Fe-

Co@SHS were further studied and compared by XPS measure-

ments. The survey spectrum of Fe-Co@SHS clearly shows the pres-

ence of O, Si, Fe and Co elements (Fig. S8 in Supporting informa-

tion). The high-resolution O 1s spectrum can be resolved into four

peaks of M-O (530.5 eV), Si-Ox (531.61 eV), Si-O-Si (532.54 eV) and

absorbed O (533.75 eV) (Fig. S9 in Supporting information) [22].

Two characteristic peaks at 781.1 eV and 796.7 eV are shown in

the Co 2p spectrum of Fe-Co@SHS, corresponding to Co 2p3/2 and

Co 2p1/2 with satellite peaks (786.62 and 803.15 eV) (Fig. 2c). Their

energy spacing of 15.6 eV implies the mixed oxidation state of

Co2+ and Co3+ [23]. According to the deconvoluted peaks for Co2+

Fig. 2. (a) XRD patterns and (b) FTIR spectra of silica spheres with and without

metal incorporation. (c) Co 2p and (d) Fe 2p XPS spectra of silica spheres with metal

incorporation.
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and Co3+, the percentages of Co2+ and Co3+ for Fe-Co@SHS are cal-

culated to be 51.80% and 48.20%, respectively. In comparison with

Co@SHS, the peak positions are shifted. The Co2+/Co3+ ratio also

changes to 44.28:55.72. A similar trend is also observed for the Fe

2p spectra of Fe-Co@SHS and Fe@SHS (Fig. 2d). The peaks centered

at 711.8 and 725 eV are associated with Fe 2p3/2 and Fe 2p1/2, re-

spectively. The broad peak at 720.12 eV is attributed to the satel-

lite peak of Fe. The fitted peaks at 710.83 and 724.23 eV are as-

signed to Fe2+, while 712.70 and 726. 32 eV are from Fe3+ [24,25].

Their percentage contents are 57.84% (Fe2+) and 42.16% (Fe3+) for

Fe-Co@SHS, which are different for the values of Fe@SHS (Fe2+

50.86%, Fe3+ 49.14%). These results confirm the co-incorporation

of Fe and Co in the silica may change the coordination states of

the metals and facilitate the formation of cobalt iron oxide. Based

on the XPS analysis, we also estimate the metal contents in Fe-

Co@SHS, which are 6% for Fe and 7% for Co. The Fe/Co ratio is near

1 and almost the same as the mixing ratio for the preparation of

Fe-Co@SHS. This result suggests that the Fe/Co doping ratio in sil-

ica hollow spheres should be able to adjust by controlling the mix-

ing ratios during the preparation process. However, to more clearly

understand the effect of bimetallic doping, here we only focus on

the ratio of 1:1.

The nitrogen sorption analyses were applied to study the in-

fluence of the incorporated metals on the porous features of Fe-

Co@SHS (Fig. S10). The adsorption-desorption isotherm displays

typical type IV with a H3 hysteresis loop. The Brunauer-Emmett-

Teller (BET) specific surface area and total pore volume of Fe-

Co@SHS are calculated to be 440.20 m2/g and 0.952 m3/g. The dis-

tribution of pores is in the range of 3-5 nm (Fig. S8). The porous

features of Fe-Co@SHS, Co@SHS, Fe@SHS, and SHS are shown in Ta-

ble S1 (Supporting information). Compared with SHS, the surface

areas of metal-doped spheres are increased. The pore distributions

also become narrower. It implies that the incorporated metals in

the silica framework are not blocked the porous space, and may

partially repair the structural defects in the silica matrix, which

thus lead to a higher surface area with more even pore size dis-

tribution. Fe-Co@SHS possesses a much higher pore volume than

that of Co@SHS and Fe@SHS. As the Fe/Co bimetallic doping leads

to the formation of relatively larger CoFeOx crystals, it thus may

induce larger pore space and bigger changes in the silica frame-

works, which should favor the access to external molecules.

The activity of the doped metals in Fe-Co@SHS is evaluated

based on the oxidation process of 3,3′,5,5′-tetramethylbenzidine

(TMB) with H2O2, which changes to a blue color with major ab-

sorption peaks at 370 and 652 nm in the UV-Vis spectrum (Fig. 3a).

From the time-dependent intensity changes at 652 nm (Fig. 3b),

the catalytic activities of various metal-incorporated silica spheres

are compared. Fe-Co@SHS exhibits much higher activity than that

of Co@SHS and Fe@SHS. Since the catalytic process shows color

change, the performance can also detect directly by bare eyes (Fig.

3a inset). We can directly distinguish the efficiency order of Fe-

Co@SHS > Fe @SHS > Co@SHS.

To further understand the peroxidase-like catalytic activity of

Fe-Co@SHSs, the steady-state kinetic analysis is carried out accord-

ing to the variations of TMB and H2O2 concentrations (Figs. S11a

and c in Supporting information). The steady-state kinetic param-

eters of Michaelis constant Km and maximal reaction velocity Vmax

are estimated by the Lineweaver-Burk double reciprocal plots (Figs.

S11b and d in Supporting information). Km is related to the binding

capacity of the enzyme and its substrates, while Vmax means the

maximal reaction rate at saturating substrate concentration. The

Km value of Fe-Co@SHS is 0.056 mmol/L for TMB and 0.10 mmol/L

for H2O2, respectively, which is much lower than that of peroxi-

dase from horseradish enzyme (HRP) (Table S2 in Supporting in-

formation). The lower Km value means a stronger affinity between

the nanozyme and substrates. The Vmax value of Fe-Co@SHS is also

Fig. 3. (a) Absorption spectra for the oxidation of TMB by using different silica

spheres with metals as catalysts under 25 °C for 5 min. The inset image is the ap-

pearance of reaction solutions. (b) Time-dependent absorbance of TMB at λ=652

nm varied with different silica spheres with metals as catalysts. (i) Co@SHS, (ii)

Fe@SHS, and (iii) Fe-Co@SHS. (c) UV-vis spectra recording the oxidation of TMB

catalyzed by Fe-Co@SHS in the presence of H2O2 with varied concentrations. (d)

The relation curve between the absorbance at 652 nm and H2O2 concentration. The

inset is the linear calibration plot for H2O2 detection.

much higher than HRP and other supported Fe/Co nanocatalysts

(Table S2).

The pH value and temperature of the reaction may also influ-

ence the catalytic efficiency of Fe-Co@SHS. The optimal reaction

condition is shown at pH 2 and 45 °C (Fig. S12 in Supporting in-

formation). It is worth noting that Fe-Co@SHS is not sensitive to

temperature, while natural enzymes always have the optimal tem-

perature for the highest activity. It means that Fe-Co@SHS may act

as a more stable nanozyme with enhanced peroxidase-like activity

compared with peroxidases.

The excellent catalysis performance of Fe-Co@SHS should be

due to the synergistic effect of the incorporated Fe and Co. Based

on the Fenton-type reaction mechanism [26,27], H2O2 can simul-

taneously react with M2+ (M= Fe and Co) to produce reactive ox-

idative species (ROS) of •OH and •OOH radicals as shown in Eqs.

1 and 2 [28,29]. The colorless TMB is then oxidized by •OH to gen-

erate blue ox-TMB (equation III). As the standard redox potential

of Fe3+/Fe2+ (0.77 V) is lower than that of Co3+/Co2+ (1.81 V), it

means that Co3+ could be reduced by Fe2+ through equation IV

[30,31]. It thus may accelerate the formation of reactive species

continuously in the catalytic cycle and improve the catalytic effi-

ciency (Fig. S13 in Supporting information).

M2+ +H2O2 →M3+ + •OH+ OH− (1)

M3+ +H2O2 →M2+ + •OOH+ H+ (2)

•OH+TMB→ TMB (oxidized) (3)

Fe2+ +Co3+ → Fe3+ +Co2+ (4)

Considering the outstanding peroxidase-like activity of Fe-

Co@SHS to react with H2O2, we use Fe-Co@SHS to construct the

colorimetric detection system of H2O2 (Figs. 3c and d). H2O2 is a

reactive oxygen species and a by-product of many oxidative biolog-

ical reactions [32,33]. Therefore, the detection of H2O2 is essential
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to study physiological or biomedical processes and monitor bio-

chemical processes. The colorimetric sensing system has been re-

garded as a very effective and promising detection method due to

the rapid visual response and facile operation [34–37]. It should

note that Fe-Co@SHS is the first example of a silica-supported Fe-

Co bimetallic nanozyme for H2O2 detection. Under the optimized

conditions (pH 2 and T=45 °C), the absorbance intensity at 652

nm is linearly proportional to the concentration of H2O2 in the

range of 10-250 μmol/L (inset in Fig. 3d). The detection limit for

H2O2 is calculated to be 0.36 μmol/L (0.012 ppm) (Fig. S14 in Sup-

porting information). Fe-Co@SHS also exhibits a better detection

performance on H2O2 than other supported metal nanozymes (Ta-

ble S3 in Supporting information).

In summary, we fabricated bimetallic Fe-Co@SHSs with a new

distribution state by a facile one-pot hydrothermal process. Based

on the dissolution-regrowth process of silica, Fe and Co are in-

tercalated in the silica framework of hollow spheres with keep-

ing accessibility to external molecules. Due to the synergistic effect

of the two metals, the Fe-Co@SHS exhibits remarkably enhanced

peroxidase-like activity compared with the monometallic spheres

of Fe@SHS and Co@SHS. When used for constructing a colorimet-

ric sensor for the detection of H2O2, a low detection limit (0.012

ppm) and wide concentration range (10-250 μmol/L) are achieved.

This fabrication strategy can also be explored for the formation of

three-metals or four-metals doped hollow spheres (Fig. S15 in Sup-

porting information). The multi-metal doped spheres may be used

in other catalytic systems or explored for other potential applica-

tions for clinical diagnostics, the monitoring of the environment

and food safety, etc.
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