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A B S T R A C T   

Exploring novel photoactive materials with high photoelectric conversion efficiency plays a crucial role in 
enhancing the analytical performance of paper-based photoelectrochemical (PEC) biosensor. SnO2, which pos
sesses higher photostability and electron mobility, can be regarded as a promising photoactive material. Herein, 
paper-based one dimensional (1D) domed SnO2 nanotubes (NTs) have been developed with the template- 
consumption strategy. What’s more, their growth mechanism has also been proposed based on the control
lable experiments. At first, the paper-based 1D ZnO nanorods (NRs) as the typical amphoteric oxide are prepared 
and serve as the sacrifice templates which can be etched by the generated alkaline environment during the 
formation of SnO2. At a certain stage, all the ZnO NRs can be completely etched by controlling the experimental 
conditions, resulting in the forming of vertically distributed hollow SnO2 NTs. Furthermore, the Sn self-doping 
strategy is also proposed to suppress the recombination of charge carriers and broaden the light response 
range by introducing the impurity energy levels. Profiting from such doping strategy, the prominent photocur
rent signal is obtained compared with pure paper-based SnO2 NTs. Ultimately, an innovative visible light 
responsive paper-based Sn-doping SnO2-x NTs are developed and employed as the photoelectrode for the PEC 
biosensor using the alpha fetoprotein (AFP) as the model analyte. Under the optimal conditions, the ultrasen
sitive AFP sensing is realized with the linear range and detection limitation of 10 pg mL-1 to 200 ng mL-1 and 
3.84 pg mL-1, respectively. This work provides a judiciously strategy for developing novel photoactive materials 
for paper-based PEC bioanalysis.   

1. Introduction 

Cellulose paper, as a great innovation of ancient China, has been 
extensively applied in our daily life for being a considerable material for 
writing, printing and decoration (Nery and Kubota, 2013; Uematsu 
et al., 2011). Meanwhile, featuring with the merits of lowcost, great 
biocompatibility and modifiable character, cellulose paper has also been 
extensively investigated in the biological analysis field (Martinez et al., 
2010; Pelton, 2009). Ever since the concept of patterned paper was 
proposed by Whitesides to construct sensing platform (Martinez et al., 
2007), paper-based analytical devices have attracted considerable 
attention (Nery and Kubota, 2013; Scala-Benuzzi et al., 2018; Schaum
burg et al., 2019). Among them, by virtue of high sensitivity, portability 
and cost-effective feature, paper-based photoelectrochemical (PEC) 

biosensors have gained much interest (Gao et al., 2018a). Since the 
photocurrent is utilized as the detection signal, the analytical perfor
mance of paper-based PEC biosensor depends heavily on the photo
electric conversion properties of the employed photoactive materials 
(Gao et al., 2018b; Zhao et al., 2014). Hence, the photoactive materials 
and their charge separation efficiency are crucial for achieving high 
sensitivity (Josset et al., 2008; Kwon et al., 2014). To date, various 
nanomaterials, mainly metal oxide semiconductors, have been explored 
in paper-based PEC biosensors (Gao et al., 2019; Song et al., 2018; Wang 
et al., 2020b). Among them, SnO2, as a n-type semiconductor, has been 
regarded as a promising one ascribing to the following advantages: (1) 
the high electron mobility (240 cm2 V-1 s-1) (Xiong et al., 2018) can 
potentially enhance the efficiency of electronic transmission and reduce 
the recombination rate of electron-hole pairs (Ke et al., 2015; Ren et al., 
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2017; Xiong et al., 2016); (2) Compared with TiO2 and ZnO, SnO2 
possesses higher photostability under UV light irradiation (Tiwana et al., 
2011; Zhang et al., 2018); (3) The crystallization temperature of SnO2 is 
below than that of TiO2, making it easier to crystallize as well as doping 
(Ren et al., 2017). In particular, benefiting from the enlarged surface 
area to volume ratio, higher light absorption efficiency and reduced 
lateral charge migration distance, one dimensional (1D) nanostructure 
SnO2 has aroused tremendous interest in the field of photovoltaic con
version (Fan et al., 2018; Han et al., 2018; Luo et al., 2020; Yang et al., 
2017). Nevertheless, the growth of 1D SnO2 nanorods (NRs) or nano
tubes (NTs) on a given substrate still remains a challenge. Generally, the 
SnO2 NTs were usually prepared using the two-step template-assisted 
method, which requires the time-consuming acid etching step. Most 
importantly, engineering paper-based 1D SnO2 NTs has not been re
ported and utilized in PEC bioanalysis. Herein, aiming to construct a 
low-cost and high-performance paper-based PEC biosensor, paper-based 
SnO2 NTs arrays are prepared for the first time based on the 
template-consumption strategy with the ZnO NRs acting as the tem
plates and without any acid etching step. 

Despite with excellent photostability, the large bandgap and high 
charge carrier recombination rate limit the application of SnO2 in 
visible-light driven PEC biosensor (Yang et al., 2021; Tang et al., 2013; 
Wang et al., 2016). Therefore, facilitating the efficient carriers separa
tion and broadening its light absorption range are of great significance 
towards ultrasensitive PEC biosensor. Up to date, various strategies have 
been developed to achieve these goals (Shu and Tang, 2020). Among 
them, element doping receives extensive concern because it can not only 
widen the light absorption region but also suppress the recombination of 
photo-induced charge carriers (Teoh et al., 2012; Wang et al., 2020a). 
Thereinto, self-doping strategy, unlike doping with foreign elements, 
can better minimize the structural defects due to the small distinction in 
ion size between the host and dopant ions, and thus decrease the 
recombination center of charge carriers (Fan et al., 2013; Lin et al., 
2017). Therefore, the Sn self-doping strategy was adopted to facilitate 
the separation of charge carriers and broaden the absorption range to 
visible region by introduction the impurity energy levels in the SnO2 
NTs. 

In this work, 1D SnO2 NTs grown on the cellulose paper though a 
facile but valid in-situ template-consumption strategy using ZnO NRs as 
the templates were successfully demonstrated. Their growth mechanism 
was also investigated with the controlled experiments. Furthermore, in 
order to promote the efficient charge carrier separation and broaden the 
light response range to visible region, the Sn self-doping strategy was 
also proposed. Finally, the model analyte of alpha fetoprotein (AFP) was 
selected to investigated the application of as-prepared photoelectrode in 
visible-driven paper-based PEC biosensor. 

2. Experimental section 

2.1. Preparation of paper-based ZnO nanorods (NRs) 

Firstly, the Au NPs layer was modified onto the paper working zone 
to endow the great conductivity. Briefly, the Au NPs seeds solution, 
which contains 0.2 mM chloroauric acid and 0.9 mM trisodium citrate, 
was firstly dripped onto the working zone, followed by drying in 
ambient air at room temperature. After repeating the above steps for 5 
times, the growth solution (1 mL) prepared by mixing 200 mM 
hydroxylammonium chloride solution (0.5 mL) with 20 mM chloroauric 
acid solution (0.5 mL) was added to the working zone and incubated for 
10 min at room temperature. After that, the working zone was washed 
with ultrapure water and dried at room temperature. 

A perpendicular ZnO NRs arrays, which acted as sacrificial tem
plates, were firstly obtained through seeds-assisted approach. Briefly, 
the zinc acetate (50 mM) solution was modified onto the surface of paper 
with spin-coating method, serving as the seed layers. Then, 56.9 mg zinc 
acetate and 42.1 mg hexamethylenetetramine were dissolved in 20 mL 

ultrapure water under continuous stirring. The obtained solution was 
then shifted to the Teflon-lined stainless-steel autoclave, in which the 
ZnO seeds/paper was placed. Subsequently, the autoclave was hydro
thermally treated in a dry oven at 95 ◦C for 3 h. After cooling to room 
temperature, the paper-based ZnO NRs were taken out and washed with 
ultrapure water for 3 times, followed by drying at 60 ◦C in a dry oven. 

2.2. Preparation of paper-based SnO2 nanotubes (NTs) 

Initially, 6.0 mM sodium stannate and 4.0 mM urea were added into 
15 mL mixture of ethanol and ultrapure water, followed by vigorous 
stirring. After that, the as-prepared paper-based ZnO NRs were put into 
the Teflon-lined stainless-steel autoclave, followed by adding the above 
suspension into the autoclave. Then the autoclave was hydrothermally 
treated at temperature of 170 ◦C for 110 min. Finally, the obtained 
sample was washed thoroughly with ultrapure water and dried at 60 ◦C. 

2.3. Preparation of Sn doped paper-based SnO2 NTs 

Typically, 5.8 mM SnCl4⋅5H2O was dissolved in 40 mL water, fol
lowed by addition of 2.9 mM Sn powder under continuously stirring for 
1 h. The obtained solution and the SnO2 NTs were transferred to the 
autoclave and heated in a dry oven at 120 ◦C for 4 h. After cooling to 
room temperature in ambient air, the sample was taken out and washed 
using ultrapure water for 3 times. Finally, the paper-based Sn doped 
SnO2-x NTs array was dried at 60 ◦C in a dry oven. 

2.4. Design of the paper-based PEC sensor 

Since the growth temperature of SnO2 is higher than the melting 
temperature of wax, the hand-painted wax method was adopted. After 
modification with the material, the paper was hand-painted with wax 
and heated to let the waxes melt and permeate through the paper to 
construct valid hydrophobic barriers. Subsequently, carbon and Ag/ 
AgCl, which acted as the counter electrode and the reference electrode, 
respectively, were printed using the screen-printing strategy. The shape 
patterns of the hydrophobic region and the photographs of the paper- 
based PEC sensor were designed using Adobe CS6 as shown in the 
Supporting Information (Fig. S1 and Fig. S2). 

3. Results and discussion 

3.1. Preparation of as-constructed PEC sensor and characterization of 
obtained samples 

The preparation of paper-based PEC sensor and its assay procedures 
were shown in Scheme 1. Firstly, the vertical distribution of ZnO NRs 
were obtained with the hydrothermal method onto the working zone. 
Then the template-consumption strategy and doping method were 
employed to growth the SnO2 NTs and Sn doped SnO2-x samples. After 
that, 20 μL of 0.1 wt % chitosan solution was dropped onto the working 
zone and left to dry in ambient air at room temperature, followed by 
washing thoroughly using 0.1 M NaOH and ultrapure water. The pho
toelectrode was then activated by 25 μL of 5 wt % glutaraldehyde so
lution for 30 min. After that, the sample was washed with ultrapure 
water and dried at room temperature. Subsequently, 25 μL AFP antibody 
solution was added onto the photoelectrode and incubated for 6 h, fol
lowed by washing with ultrapure water for 3 times. Finally, the non- 
specific binding sites were blocked by 25 μL phosphate buffer saline 
(PBS) solution (0.1 M, pH 7.4) containing 0.25% bovine serum albumin 
(BSA), and the photoelectrode was then washed with PBS (0.1 M, pH 
7.4) solution to remove uncombined biomolecules. The assay proced
ures were shown in the Supporting Information. 

The morphologies of obtained samples were first characterized using 
scanning electron microscope (SEM). It can be seen from the Fig. 1a, 
countless cellulose fibers interweaved with each other to construct a 
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porous network, offering abundant active sites. After the hydrothermal 
reaction, the ZnO NRs resulted to be orderly and densely aligned in 
vertical standing format, covering the entire surface of cellulose fibers 
(Fig. 1b). As shown in the high magnification SEM image (Inset of 
Fig. 1b), the ZnO NRs with smooth surfaces were grown uniformly and 
their diameters were approximately 300 nm. Most importantly, after the 
template-consumption growth processes, the vertically oriented SnO2 
were decorated onto the fibers (Fig. 1c). Observed at high magnification 
SEM image, the obtained SnO2 exhibited a hollow NT configuration with 

an increased diameter (inset of Fig. 1c). After doping with Sn powder, no 
distinct change of morphology was observed and the tubular structure 
was remained, as shown in Fig. 1d. 

Transmission electron microscope (TEM) was also carried out to 
investigate the microstructure of as-prepared samples. As shown in 
Fig. 1f, the paper-based ZnO showed a typical solid NR structure. After 
the hydrothermal reaction, ZnO NRs core disappeared owing to the 
etching effect and the obtained SnO2 exhibited a tubular structure, of 
which the shell thickness was around 30 nm (Fig. 1e). In addition, the 

Scheme 1. The construction of paper-based Sn doped SnO2-x sample and assay procedures of the as-constructed PEC sensor.  

Fig. 1. (a) The SEM image of pure paper, (b) paper-based ZnO NRs, (c) SnO2 NTs (d) and Sn doped SnO2-x NTs, (e) TEM images of paper-based SnO2 NTs, (f) ZnO NRs 
and (g) Sn-doped SnO2-x NTs. (h) High-resolution TEM image of paper-based SnO2-x NTs. Insets in Fig. b and c were high magnification SEM image of paper-based 
ZnO NRs and SnO2 NTs, respectively. 
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NT structure was remained after the doping process as shown in Fig. 1g. 
Moreover, the lattice fingers of the self-doped SnO2-x shell with spacing 
of 0.34 nm and 0.25 nm were ascribed to the (110) and (101) crystal 
faces of rutile SnO2, respectively (Fig. 1h). 

To further study the crystallinity of obtained samples, X-ray 
diffraction (XRD) characterization was also performed. As shown in 
Fig. S3a, the characteristic peaks of tetragonal SnO2 at (110), (101) and 
(211) planes could be observed (JCPDS card No. 46-1088), indicating 
the successful preparation of paper-based SnO2 NTs. After doping with 
Sn powder, no evident changes of the diffraction peaks were observed 
and no other phases were detected. Moreover, X-ray photoelectron 
spectroscopy (XPS) characterization was also implemented to verify 
their elements and valence state. As shown in Fig. S3b, the samples 
consisted of Sn, C and O elements, no impurity elements were observed, 
further manifesting the high purity. Meanwhile, as shown in high- 
resolution XPS spectra of Sn 3d (Fig. 2a), the two peaks approximately 
centered at 487.5 eV and 495.9 eV with a spin-orbit splitting energy of 
8.4 eV which belonged to 3d5/2 and Sn 3d3/2, respectively, were in 
accordance with the Sn4+ peaks (Dong et al., 2017; Wang et al., 2012b; 
Yang et al., 2013). However, after doping, the binding energy of Sn in 
SnO2-x decreased by 0.2 eV compared to that of pure SnO2 (Fig. S3c), 
ascribing to the presence of oxygen vacancies generated by the doping 
possess (Han et al., 2017; Wang et al., 2013). Meantime, the signals of Sn 
can be deconvoluted into Sn4+ and Sn2+ signals (Fig. 2b), verifying the 
presence of Sn2+ dopants in paper-based SnO2-x NTs. The about 0.7 eV 
binding energy shift between Sn4+ and Sn2+ was in agreement with 
previous reports (Wang et al., 2012a; Zhu et al., 2015). Besides, the O 1s 
high-resolution XPS spectra of self-doped SnO2-x NTs was shown in 
Fig. 2c. The peak located at 531.1 eV was attribute to the coordinating 
oxygen bonded to Sn (OL), while the higher binding energy was asso
ciated with the oxygen vacancies (OV) formed to preserve the electric 
neutrality (Han et al., 2017; Zhu et al., 2015). 

3.2. Growth mechanism of the paper-based SnO2 NTs 

Importantly, the growth mechanism of the paper-based SnO2 NTs 
was investigated by measuring TEM images with different growth time. 
As shown in Fig. S4a, the pure ZnO NRs exhibited a rod-like structure. 
When the hydrothermal reaction time was 45 min, an incompact SnO2 
shell was observed on the surface of ZnO NRs due to the reaction of 
sodium stannate and urea (Fig. S4b). As shown in Fig. S4c, when the 
growth time increased to 75 min, a tubular structure with a dense shell 
was formed, implying the consumption of ZnO NRs sacrificial templates. 
Besides, a calotte-like cap cloud be observed at the top of the SnO2 NTs, 
which was in accordance with SEM observation. Finally, when the re
action time was prolonged to 105 min, a denser and thicker SnO2 shell 
was observed, no evident residual ZnO was detected (Fig. S4d), indi
cating that the ZnO NRs core were etched off thoroughly by the 

produced OH-. 
Based on the above experiment results, the possible growth mecha

nism was predicted, as shown in Scheme 2. Specifically, under the hy
drothermal condition, the urea began to hydrolyze and carbon dioxide 
(CO2) as well as ammonia (NH3) were produced (eq (1)). The sodium 
stannate can react with the generated CO2 and formed SnO2 crystals 
through reaction eq (2) (Juttukonda et al., 2006). The formed NH3 can 
lead to an alkaline environment (eq (3)) which can dissolve the typical 
amphoteric oxide of ZnO (eq (4)) (She et al., 2008). As a consequence, 
the ZnO NRs templates can be in-situ etched off and the SnO2 NTs were 
obtained through controlling the reaction time.  

CO(NH2)2 + H2O → CO2 + NH3                                                      (1)  

Na2SnO3 + CO2 → SnO2 + Na2CO3                                                  (2)  

NH3 + H2O → NH4
+ + OH-                                                              (3)  

ZnO + OH- → ZnO2- + H2O                                                            (4)  

3.3. Characterization of photoelectric properties of paper-based SnO2 NTs 
and SnO2-x NTs 

In order to evaluate the promoting effect of Sn doping on light ab
sorption performance, UV–vis spectra of the samples prepared on FTO/ 
glass with the same method were measured. As shown in Fig. 3a, the 
pure SnO2 exhibited a light absorption edge at wavelength about 380 
nm, while that of SnO2-x had been shifted to around 500 nm, indicating 
that the Sn self-doping strategy can efficiently extend the absorption 
range to the visible region. Furthermore, the photocurrent responses of 
paper-based SnO2 NTs and SnO2-x NTs under visible light illumination 
were also investigated. As shown in Fig. 3b, paper-based Sn-doped SnO2- 

x exhibited obvious photocurrent, whereas SnO2 NTs showed almost no 
photocurrent response, further demonstrating that Sn doping can 
effectively enhance the photocurrent response of SnO2 under visible 
light radiation. 

What’s more, to reveal the promotion of Sn doping on the separation 
efficiency of electron-hole pairs, steady state photoluminescence (PL) 
and time-resolved photoluminescence (TRPL) spectra were measured 
with the excitation source of 340 nm wavelength. As shown in Fig. 3c, 
the paper-based SnO2 NTs exhibited a strong PL signal owing to the 
relatively high recombination rate of photogenerated charge carriers. 
After doping, a dramatic decreased PL signal was observed, suggesting 
that the Sn doping can efficiently suppress the recombination of carriers. 
In addition, the TRPL spectra was also performed to investigate the 
transfer dynamics of photo-induced carriers (Fig. 3d). The exponential 
decay model fit curves for both paper-based SnO2 and SnO2-x were ob
tained and their fitted parameters were shown in Table S1. As for the 

Fig. 2. (a) High-resolution XPS spectra of Sn 3d orbitals of paper-based SnO2 NTs and (b) paper-based self-doped SnO2-x NTs .(c) O 1s orbital of paper-based self- 
doped SnO2-x NTs. 
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pure paper-based SnO2, a high carrier lifetime of 15.43 ns was observed. 
After Sn doped, the lifetime was reduced to 5.18 ns, implying that Sn 
self-doping strategy can greatly improve the carrier separation effi
ciency (Gao et al., 2020). 

3.4. Analytical performance 

Under the optimal conditions, the analytical performance of as- 
constructed paper-based PEC sensor for AFP detection was evaluated. 
Fig. 4a exhibited the photocurrent responses of the sensor with various 
concentrations of AFP. As the concentration of AFP increased, a large 
amount of target immune molecules was captured specifically though 
the recognition layer on the photoelectrode, which gave rise to the steric 
effect and thus caused the gradually decrease of photocurrent intensity. 
In addition, the calibration curve under optimum experimental condi
tions was shown in Fig. 4b. The linear equation was I = 8.17-2.61 logc, 
with a correlation coefficient of 0.997 and a linear range from 10 pg mL- 

1 to 200 ng/mL. What’s more, the detection limit was as low as 3.84 pg/ 
mL (based on a signal-to-noise ratio of 3) (Gong et al., 2016; Tiwari 
et al., 2016; Zhu et al., 2020), attributing to the superior photoelectric 
conversion performance of SnO2 and the Sn self-doping strategy. 
Compared with previously reports, the as-designed PEC sensor possessed 
lower detection limit (Table S2). In addition, the analytical experimental 
conditions of PEC sensor were also optimized as shown in Fig. S5. 

3.5. Feasibility, reproducibility, specificity and stability of the paper-based 
PEC sensor 

The feasibility was evaluated with the standard addition method, as 

shown in Table S3. The recovery was from 94.4% to 107.8%, implying 
the great application potential of constructed paper-based PEC sensor. 
Furthermore, the reproducibility was assessed though the interassay 
precision of ten independent devices. The RSDs of parallel detection of 
0.1, 10 and 100 ng/mL AFP with ten sensors were 2.93%, 3.22% and 
3.89%, respectively, suggesting the acceptable reproducibility. In 
addition, the prostate specific antigen (PSA), carcinoembryonic antigen 
(CEA), human serum albumin (HSA) and hemoglobin (Hb) were selected 
as interfering agents to evaluate the specificity. As shown in Fig. 4c, only 
the AFP can result in an obvious photocurrent decreasing, demon
strating the satisfying selectivity. The stability was also investigated by 
measuring the time-based photocurrent response under optimum 
experimental conditions (Fig. 4d). As seen, no obvious change of the 
photocurrent intensity was observed with on/off visible light irradiation 
cycles for 1000 s, certifying the high photostability of the constructed 
sensor. 

4. Conclusion 

In this work, the novel paper-based 1D SnO2 NTs were prepared 
based on the template-consumption strategy and served as the photo
active material for the first time. The growth mechanism was also pro
posed with the controllable experiments. Furthermore, Sn self-doping 
method was proposed to facilitate the separation of photo-induced 
charge carriers and enhance the visible light harvesting. Besides, self- 
doping of Sn can narrow the band gap of SnO2 NTs and reduce the 
recombination rate of charge carriers, which resulted in a considerable 
enhancement of photocurrent intensity under visible light illumination. 
Based on such desired detection signal, the as-designed paper-based PEC 

Scheme 2. The schematic diagram of formation processes of paper-based SnO2-x NTs based on the template-consumption strategy.  
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Fig. 3. (a) UV–vis spectra of the samples prepared on FTO/glass using the same method and (b) photocurrent response of samples under visible light illumination. (c) 
PL and (d) TRPL spectra of paper-based SnO2 NTs and Sn doped SnO2-x NTs. 

Fig. 4. (a) Photocurrent density of the constructed paper-based PEC sensor incubated with various AFP concentration (a–h: 0.01, 0.05, 0.1, 1, 10, 50, 100, 200 ng/ 
mL). (b) The linear calibration curve of the constructed sensor. (c) The specificity and (d) stability of the proposed paper-based PEC sensor. 
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biosensor demonstrated the ultrasensitive sensing of AFP. 
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