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the environment.[1–3] Introducing biocom-
patibility, reusability, and, eventually, bio-
degradability to consumer electronics will 
alleviate the environmental issues and sig-
nificantly reduce the costs associated with 
recycling operations. Paper-based electronics 
is a rising technology that offers great advan-
tages such as bendability, ease of recycling/
disposal, and cost-efficiency.[4,5] Derived 
from abundant and renewable raw mate-
rials, and thanks to their outstanding phys-
ical, chemical, and mechanical properties, 
cellulose nanofibers (CNFs) represent one 
of the most promising components for the 
production of sustainable, biodegradable, 
and eco-friendly electronics.[6–8] However, 
most of the works reported so far address 
the use of these materials just as substrates 
for functional electronic components.[9] Nev-
ertheless, CNFs can work as both substrates 
and active components for the fabrication 
of devices and sensors.[10–13] In 2014, for 
example, Gaspar et al.[14] presented a nano-
paper-based field effect transistor (FET) fab-
ricated using cotton-based nanocrystalline 

cellulose (NCC) as the substrate and as the gate dielectric layer, 
building the device on both sides of the NCC films. Following the 
same idea, Dai et al.[15] more recently reported on the use of cellu-
lose nanopapers (CNPs) as high-capacitance all-solid dielectrics for 
flexible and low-voltage Organic FETs. Tammela et  al.[16] demon-
strated the use of polypyrrole (PPy) coated nanocellulose compos-
ites as electrodes for the fabrication of asymmetric supercapacitor 

The rise of internet of things (IoTs) applications has led to the development 
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1. Introduction

The growing demand of flexible electronic devices for the devel-
opment of the internet of things (IoTs) applications is expected 
to lead to an increase in the amount of nonbiodegradable solid 
waste and plastic litter with obvious negative consequences for 
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cells. Thanks to their 3D porous structure, CNFs can easily accom-
modate functional materials, allowing to reduce the complexity 
of the fabrication processes and to overcome electrode adhesion 
problems, often detrimental, for the performance and durability of 
the devices. On the other hand, they are characterized by heteroge-
neous chemical and physical features and thus can be challenging 
when employed in electronics.[17] One of the main problems is 
represented by their high surface roughness and porosity, it’s neg-
ative influence on device’s electrical performance, such as hyster-
esis, bad injection current, and high gate leakage current, has been 
widely reported in the literature.[18–21] Another limiting aspect 
of using CNPs is the moderate processing temperature compat-
ible with these substrates.[22,23] In order to deal with these issues, 
organic materials and inkjet-printing were chosen as the device’s 
components and deposition technique because the former do  
not require high-temperature deposition and are compatible with 
large-area production and solution-based processes,[24] while the 
latter has proven to be a suitable technology for the deposition of 
smooth thin layers.[25] Moreover, inkjet-printing is a versatile, low-
material, low-time, and low-power consuming approach.[26,27]

In this paper, starting from our previous works,[28–30] different 
conductive polymers (CPs) such as poly(3,4-ethylenedioxythiophe
ne):poly(styrene sulfonates) (PEDOT:PSS), PPy and multi-walled 
carbon nanotubes (MWCNTs) were combined with CNFs for the 
preparation of CNPs, that were used as environmentally friendly 
portable substrates/electrodes for the fabrication of diode struc-
tures. In this sense, these CPs have gained a lot of attention over 
the years as attractive candidates to replace inorganic conductors. 
In particular, the herein selected CPs allow in situ polymeriza-
tion,[31] that exhibit good intrinsic conductivity,[32] and it is pos-
sible to easily tune their properties by chemistry.[33] Furthermore, 
MWCNTs were favored because of their outstanding mechanical 
properties and high electrical conductivities, which can be used 
to improve substantially the electrical conductivity of CNFs.[34–36]

Diodes are two-terminal electronic devices which present asym-
metric current–voltage (I–V) characteristics and rectifying behav-
iors. The key component of a diode is the interface that permits 
the current to flow in one direction but not in the other. Our group 
recently proposed a novel polymeric rectifier based on inkjet-
printed metal-insulator-semiconductor (MIS) structure fabricated 

onto plastic substrate.[37] Unlike the conventional Schottky bar-
rier diode, this structure relies on the insertion of a leaky inkjet-
printed insulator between the metallic bottom electrode (BE) and 
the organic semiconductor (OSC) that creates the energy barrier 
responsible for the rectifying behavior. Since the rectification does 
not depend on the BE/OSC interface, the inkjet-printed metallic 
BE was replaced by CNPs, acting both as the electrode and as 
the substrate as shown in Figure  1. As in our previous work,[37] 
crosslinked poly(4-vinylphenol) (cPVP),[25] an epoxy resin (Pri-
elex, PLX),[38] and an high-K epoxy resin with amorphous silica 
(UTDots)[39] were used as the insulating layer, and Merck SP400 
was chosen as the amorphous p-type OSC. This work improves 
the device characteristics in terms of costs, degradability, and 
electrical performances. Best results were obtained for one type 
of PEDOT:PSS doped nanopapers that showed a degradability 
of 100% upon exposure to a common electrolytic environment 
for 2 days, and rectification ratios (RRs) of up to 1.2 × 103 at  
|3| V. Finally, the proposed diode was used to develop a proof-of-
concept room temperature gas sensor as a first example of the pos-
sible applications of these structures.

2. Results and Discussion

Figure  1a shows the fabrication scheme of the diodes, while 
Figure  1b presents an optical image and a scanning electron 
microscopy (SEM) image of one of the devices. As underlined in 
the introduction, this approach is based on the use of CNPs as 
both substrates and bottom electrodes of the diodes. A leaky die-
lectric between the electrode and the semiconductor is respon-
sible for the creation of an energy barrier that allows the current 
to flow just in one direction and gives the asymmetric current–
voltage characteristic typical of a diode. Different combinations 
of CNPs and insulating polymers have been evaluated.

2.1. Nanopaper Characterization

It is possible to change the electrical behavior of nanocellulose 
from insulating to semiconductive and, eventually, conductive 

Adv. Mater. Technol. 2020, 1900773

Figure 1.  a) Fabrication scheme of the diode structures. b) i) Optical and ii) SEM images of PT250/UTDots diodes.
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through its combination with conductive materials. Figure  2a 
shows the electrical conductivities of the all different CNP 
formulations. A scheme of the composition of the different 
CNP formulation is shown in Figure S1 in the Supporting 
Information. The chemical structure of the CPs employed for 
the preparation of the CNPs is reported in Figure S2 in the 
Supporting Information. From a general comparison between 
the two PEDOT:PSS groups, one can notice that nanopapers 
containing PT2 were slightly more conductive than the ones 
based on PH500, even if the latter presented a higher intrinsic 
conductivity (80 and 300 S cm−1, respectively) and a higher sur-
face area.[30] The lowering of the PH500 group’s conductivities 
can be related to the formation of agglomerates that might result 
in an inhomogeneous distribution of the polymer into the CNPs, 
as confirmed by the root mean square roughness (RMSR) values 
extracted from the atomic force microscopy (AFM) analysis 
(see Figure  2b, Figure S3, Supporting Information). MWCNTs 
CNPs present the lower conductivity value achieved in this work 
(≈0.03 S cm−1). This value is considerably low in comparison with 
the metallic-like electrical conductivity of pristine MWCNTs.[28] 
Acid modification treatment of the MWCNT during the nanocel-
lulose preparation may provoke defects on the MWCNTs side-
wall. The hopping of charges in between carbon nanotubes and 
around defects, which can be eventually present in the bulk, is 
responsible for the reduction in the electrical conductivity.[40]

Rough substrate creates trap states and molecular disorders 
in the organic interfaces that dramatically decrease the OSC’s 
mobility and produce short circuits through the device. In order 
to have good electrical performances of the devices, a substrate 
roughness in the range of 2–8 nm is desired.[41,42] Thus, PT230 
CNPs are very suitable as substrates due to their extremely 
smooth surface of around 2  nm RMSR, which is comparable 
with planarized plastic substrates.[43] For PH500 group, an 
increase of its solid content from 30 to 50 wt% did not imply 
a noticeable increase of surface roughness. The same behavior 
was obtained for MWCNT group.

Composite materials of MWCNTs and CPs have attracted 
great interest because they often present characteristics superior 
to either of the individual components.[44,45] In particular, it has 
been demonstrated that blends of different CPs can enhance 
the electrical performances of the new materials.[46,47] There-
fore, to optimize the conductivity of the CNPs, PPy was added 
to PEDOT:PSS and MWCNTs doped CNPs. An increase of CNP 
conductivity of around ten times was observed in the ternary for-
mulation CNPs if compared with the conductivity values of the 
binary ones. This can be explained considering the high conduc-
tivity of PPy domains (10–50 S cm−1, as bulk material)[30] which 
wraps both cellulose nanofibrils and PEDOT:PSS or MWCNT 

providing a 3D structure of interconnected pores favoring the 
transport pathways in the ternary formulations. This effect is 
enhanced for the PEDOT:PSS-based nanopapers: PPy chains 
form a conductive network around their core–shell structure 
which enhances the transport through the bulk of the sample.[30]

For PH500_PPy, the addition of PPy lead to a higher conduc-
tivity without significantly increasing the surface roughness, 
giving a good trade-off between these two parameters. However, 
the addition of PPy had a negative effect on the morphology of 
PT2_PPy and MWCNT_PPy nanopapers with an increase in the 
surface roughness of the ternary formulations probably related 
to the presence of PPy platelets on the surface of the samples. 
(Figure S3c,f,i, Supporting Information). In particular, MWCNT_
PPy was characterized by the higher surface roughness and the 
lower compactivity if compared to the other nanopapers (RMSR of 
around 100 nm). MWCNTs present negative charges from the car-
boxylic groups which can interact with hydroxyl group of cellulose 
nanofibrils. Therefore, PPy platelets deposited on both CNF and 
MWCNT surfaces increase the surface roughness of the composite 
and make the CNP less compact, probably also as a consequence 
of the intrinsically weaker PPy–PPy interactions in comparison 
with cellulose–nanotube, nanotube–nanotube or cellulose–cellu-
lose connections.[28] All of those aspects can be detrimental for the 
proper operation of the electronic devices fabricated onto it.

Diode structures with degradable characteristics could poten-
tially be used in many different applications, providing continuous 
operation over predetermined periods of time before dissolving. A 
degradability test was performed on all the CNP substrates. The 
substrates were immersed in a phosphate buffer saline (PBS) solu-
tion at room temperature (RT). The solution was changed every 
24 h and the nanopaper thicknesses were measured after drying 
them at 60 °C to remove the absorbed water.[48] Figure 2c shows 
the thickness reduction after 25 days (the thickness values of all 
the CNPs is reported in Figure S4 in the Supporting Informa-
tion). After the immersion in PBS, PT230 and PT250 CNPs became 
extremely fragile and even a soft physical interaction destroyed the 
substrates by breaking them into small pieces. A 100% reduction 
of thickness was obtained after 2 days in aqueous solution. The 
others CNPs reduced their thicknesses by no more than 60% and 
they did not suffer from any evident structural defects, and nor 
did they dissolve. Based on these results, PT2 CNPs present inter-
esting features as degradable substrates.

2.2. Characterization of Diodes

As recently demonstrated in our previous work,[37] a barrier-
free ohmic contact is observed at the metal/semiconductor 
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Figure 2.  a) Conductivities, b) RMSR values, and c) thickness reduction percentages of the different CNPs.
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interface, i.e., silver BE/Merck Lisicon SP400 interface. This 
high-performance amorphous p-type OSC was chosen because 
its polymeric nature allows an easy control over its deposition 
and reduces the variability of its electrical behavior due to the 
absence of a crystallization step.[49] To exclude the presence 
of an eventual energy barrier at the CNPs/OSC/top electrode 
(TE) interface, the stack CNPs/Merck Lisicon SP400/silver was 
fabricated and characterized for each of the different CNPs  
(see Figure 3a, inset). As shown in Figure 3a, all the junctions 
presented symmetric I–V characteristics. This can be explained 
considering the work functions (WFs) of the BEs and TEs: 
PEDOT:PSS, MWCNT and PPy presented WFs between 4.6 
and 5.4 eV[50–52] while the silver top electrode’s WF was around 
5.2 eV.[37] These values are very similar to the ionization poten-
tial of the OSC (5.1–5.3 eV),[37] leading to a negligible energy bar-
rier at both Ag/OSC and OSC/CNPs interfaces. The carriers are 
free to flow in or out the semiconductor and there is a minimal 
resistance across the contacts. This confirms the presence of an 
ohmic contact between the CNPs and the semiconductor. All 
the CNPs can potentially be used as both substrates and bottom 
electrodes for the proposed diodes structures: thus, the devices 
were fabricated using all the different nanopapers (see the 
Experimental Section for details). As aforementioned, the asym-
metric characteristic of a diode is typically related to the fact 
its resistance is negligible in forward bias and high in reverse 
bias condition. Organic semiconductor they usually favor solely 
one type of carriers depending on the ease with which holes or 
electrons can be injected into the material from the electrodes. 
Two different regimes of operation can be distinguished: accu-
mulation and depletion, defined according to the effect that 
the applied voltage has on the semiconductor (Figure S5, Sup-
porting Information). Under the application of a positive voltage 
to a hole transport semiconductor, free charges are injected into 
the materials and accumulate at the semiconductor/insulator 
interface (accumulation region). If a high conductance is reg-
istered across the insulator, the accumulation capacitance does 
not saturate, and a certain amount of current can pass through 
the insulator (forward bias). Conversely, when a negative bias 
is applied to the semiconductor, charges accumulate at the elec-
trode/semiconductor interface. Thus, there is no charge at the 
semiconductor/dielectric interface, leaving only a space charge 

or depletion layer (reverse bias). The reverse leakage current and 
forward current give indications about the depletion region and 
accumulation region at the interface between the semiconductor 
and the dielectric. The value of the threshold voltage demarcates 
the switch from one regime to the other.

The diodes were characterized performing impedance-phase 
angle analysis (Z–σ), and current density–voltage (J–V) to study 
how the different CNPs affect the deposition of the insulating 
layer and, consequently, to find the best combination of mate-
rials for the CNPs and dielectric to achieve good electrical 
performances. RR is the ratio of the maximum forward bias 
current to the maximum reverse bias current recorded when the 
same absolute voltage is applied to the device (|3 V|). Figure 3b 
summaries the RR values obtained for diodes fabricated using 
PT230, PT250, MWCNT30, MWCNT50, and PH500_PPy CNPs 
using three inkjet-printed layers of cPVP, three inkjet-printed 
layers of PLX, and three inkjet-printed layer of UTDots as the 
insulator for each CNP substrate (the chemical structures of 
the insulating polymers employed in this work is reported in 
Figure S6 in the Supporting Information). Even if different 
layers of cPVP (up to six), PLX (up to three), and UTDots (up 
to three) were inkjet-printed to increase the film thicknesses, 
the devices fabricated using PH50030, PH50050, PT2_PPy, and 
MWCNT_PPy CNPs resulted in short-circuited structures; 
probably because of the high RMSR values obtained for these 
nanopapers (Figure  2b). The electrical characterization of the 
diodes can be found in Table S1 in the Supporting Informa-
tion. The lowest RR values (less than 110) were obtained for 
PT230 and MWCNT50 substrates, regardless of the insulator. In 
particular, PT230 based diodes suffered a low injection at for-
ward bias and MWCNT50 based diodes presented high leakage 
current at reverse voltage (current density values are reported 
in Table S1 in the Supporting Information). For each CNP sub-
strate, the highest RR value was achieved when UTDots was 
employed as insulating material (Figure  3b). This increase in 
electrical performance was due to a higher injection of holes 
at the forward bias. Interesting RR values of around 1.2 × 103,  
6 × 102, and 1.7 × 103 were registered for diodes based on PT250, 
MWCNT30, and PH500_PPy CNPs, respectively. To the best of 
our knowledge, this work reports the highest RRs obtained for 
inkjet-printed organic diodes. It is important to emphasize that 

Adv. Mater. Technol. 2020, 1900773

Figure 3.  a) Current–voltage characteristic and schematic illustration (inset) of nanopaper/Merck Lisicon SP400/silver junctions. b) Rectification ratio 
values of the diodes measured at |3 V| reported for different CNPs and dielectrics.
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their electrical performances were substantially independent 
from the CNP conductivities but depended strongly on CNP 
roughness, which affected the quality of the insulator layers. 
For this reason, it is preferable to use a CP that can act both as 
surface planarizer and high-performance conductive filler for 
the fabrication of conductive CNPs.[43] Additionally, the insu-
lating inkjet-printed PVP, PLX, and UTDots layers contributed 
to smoothing the substrates significantly lowering any CNP 
RMSR values (0.4–1.0, 0.6–4, and 2–6 nm, not reported in this 
work). Thus, rectifying insulator/OSC interface of all diodes 
was of a good quality with the CNPs/insulator interface respon-
sible for the electrical performance.

Having considered the surface roughness of the substrates, 
the degradability test and the rectification ratio values obtained, 
attention will now be focused on the diodes fabricated using 
PT250 CNPs, whose electrical characterization is reported in 
Figure 4 and Table 1. Figure 4a refers to PT250/cPVP structures. 
Even though the phase value in the accumulation region is 
close to −90 °, the impedance value of these diodes passes from 
1270 to 530 MΩ in forward bias, indicating a loss through the 
insulator. PT250/cPVP presents a maximum forward current 

density (Jf_MAX) of around 3 µA cm−2 and maximum reverse 
current (Jr_MAX) of around 3 nA cm−2. At V  =  |3| V, the RR is 
470 ± 30. Figure 4b refers to the PT250/PLX structure. Imped-
ance-phase values do not change significantly between forward 
and reverse region for these diodes, with a phase very close to 
−90° (−89.9° at −3 V and −87.3° at +3 V). PT250/PLX presents a 
Jf_MAX of around 350 nA cm−2 and a Jr_MAX of around 1 nA cm−2.  
At V =  |3 |V, the RR is 360 ± 20. Figure 4c refers to the PT250/
UTDots structures. The presence of a leaky insulator is con-
firmed by the impedance characterization: the impedance 
value passes from 840 to 510 MΩ in forward bias. However, the 
phase remains almost constant in both signal bias close to −90° 
(−88.6° at −3 V and −86.7° at +3 V). PT250/UTDots structures 
present a Jf_MAX of around 5 µA cm−2 and a Jr_MAX of around  
4 nA cm−2. At V  =  |3| V, the RR is 1140  ±  84. If compared to 
the approaches reported so far, the notable RRs of the present 
work is one order of magnitude higher than the values previ-
ously reported for inkjet-printed or paper-based diodes.[37,53–55]

Different conduction mechanisms have been used to dem-
onstrate the carrier transport through insulating films.[56,57] 
Bulk-limited conduction mechanisms are related to the 
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Figure 4.  a) Current density/voltage characteristics for PT250/cPVP, b) PT250/PLX, and c) PT250/UTDots in linear scale (left) and semilogarithmic scale 
(right).

Table 1.  Current density, impedance and phase values (registered at 1 kHz), and rectification ratios (measured at |3 V|) for PT250/cPVP, PT250/PLX, 
and PT250/UTDots.

Reverse bias Forward bias Density current at reverse/forward bias [µA cm−2] RR Fabrication yield

Impedance [MΩ] Phase [°] Impedance [MΩ] Phase [°]

PT250/cPVP 1260 −83 530 −86 (6.4 ± 0.3) 10−3/(3.02 ± 0.06) 470 ± 30 66%

PT250/PLX 20 −90 16 −87 (9.3 ± 0.4) 10−4/(0.35 ± 0.01) 360 ± 20 75%

PT250/UTDots 840 −89 510 −87 (4.5 ± 0.2) 10−3/(5.1 ± 0.1) 1140 ± 84 80%
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electrical behavior of the dielectric layer, and include space-
charge-limited current (SCLC), Poole–Frenkel (PF) conduction, 
and hopping conduction. Electrode-limited conduction mecha-
nisms are related to the electrical properties at the electrode/
dielectric interface, and include direct tunneling, or Fowler–
Nordheim (FN) tunneling, or Schottky conduction. Conduction 
mechanisms depend on the film composition, film processing, 
film thickness, energy levels, and densities of traps in the insu-
lator films.[57] Therefore, the determination of the main con-
duction mechanism could give important information on the 
physical nature of the charge transport in the dielectric film. 
The conduction mechanism was determined by evaluating 
the quality of fit to the current density–voltage data.[56] While 
going into details of the different conduction mechanisms is 
outside the aim of this work, to better understand the electrical 
behavior of the proposed structures, there now follows a brief 
discussion on the mechanisms of PT250 group. The data fit-
ting from the double-log J–V curves (Figure 5) shows different 
slopes for different ranges of voltages at forward bias. This is 
typical of the presence of different transport phenomena in the 
structures. The slopes (m) of the linear fits of the double-log 
J–V characteristics are the exponent in the relation J α V m. In 
particular, three distinct regions with three different slopes 
can be observed. The bending of the curves at high forward 
bias is typical of bulk-limited conduction mechanisms. PT250/
cPVP and PT250/UTDots structures have a slope of 1 (I α V1) 
and 0.9 (I α V0.9), respectively, over low voltages (region I in 

Figure  5a,c). An ohmic mechanism, which is controlled by 
thermally activated carriers more than by injected carriers,[58] 
is dominant in this region. Space-charge-limited current/trap-
filled-limited (TFL) conduction characterized by m  >  2, with 
the filling of the traps exponentially distributed in energy, is 
obtained at intermediate voltage.[59] Usually, because of the 
limited mobility values that characterized organic thin films, 
injected carriers are localized by trap states, producing a space 
charge that compete with the applied bias and hinders the car-
rier conduction.[60] The slopes obtained when this mechanism 
is dominant represent a criterion to compare the stretching of 
the exponential distribution of carriers: a low slope is typical 
of an extended distribution, while a high slope is related to 
an abrupt distribution.[61] In the present study, TFL conduc-
tion took place with slopes of 4.8 (I α V4.8) and 2.5, and 3.5  
(I α V2.5,3.5) for PT250/cPVP and PT250/UTDots structures, 
respectively (region II, Figure  5a,c). TFL conduction mecha-
nism with a slope of 5.1 (I α V5.1) can be observed for PT250/
PLX diodes at lower voltages (region II, Figure  5b). As these 
data show, trap-free SCLC is the predominant conduction 
mechanism for all the structures at high voltages with slopes 
of 2.4 (I α V2.4), 1.4 (I α V1.4), and 1.6 (I α V1.6) in region III of 
Figure 5a–c, respectively.

In this region, the majority of the traps are filled by the 
injected carriers and the accumulation of the charge near the 
electrodes results in a space charge close to the electrodes. This 
induces a field that further limits the injection. The current 
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Figure 5.  a) Log(current density)–log(voltage) characteristics fitted with straight lines for PT250/cPVP, b) PT250/PLX, and c) PT250/UTDots. The slope 
of the fitted SCL current is shown.
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follows a SCL conduction mechanism, typical 
of single-carrier devices, according to the 
relation

ε=
9
8

a
2

3µJ
V

L
� (1)

where Va is the voltage applied to the top 
electrode, μ is the carrier mobility of the 
semiconductor, L is the thickness of the 
semiconductor and ε is permittivity of the 
semiconductor. Trapped behavior becomes 
trap-free conduction in region III where 
there is the transition from TFL curve to 
Child’s law. To quantify the energy barrier, 
temperature dependent I–V measurements 
were performed between 243.15 and 343.15 
K. Field-assisted thermal emission of carriers over the energy 
barrier at a metal/insulator interface defines the Schottky con-
duction. The energy barrier height can be extracted by the slope 
of the conventional Richardson plot[62]
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where I0 is the reverse saturation current extrapolated from the 
straight-line intercept of ln(I) at V = 0.8 V. Figure S7 in the Sup-
porting Information reports the characterization for the PT250/
UTDots structure. A barrier height of around 0.25  eV was 
extracted.

2.3. PT250/UTDots Diodes as NO2 Sensors—Proof-of-Concept

Over recent years, the development of gas sensors that can 
be employed to monitor the air pollution has attracted many 
research efforts. A paramount prerequisite for public health is 
the air quality and pollution with toxic gasses has led to dis-
eases in both industrial and developing countries .[63] Nitrogen 
dioxide (NO2) is one of the predominant pollutant from com-
busted fuel. Up to the present, commercial NO2 sensors are 
commonly characterized by high-weight and high-dimensions, 
present low selectivity, and require high-power supply.[64] There-
fore, it is of a great importance to fabricate new light-weight 
low-power gas sensors that can be mass produced at low-cost 
with high throughput and correct performance (in terms of high 
selectivity and sensitivity). Moreover, the possibility to conduct 
this analysis at RT is of substantial relevance in complicated  
and often hazardous gaseous environments.[65] Among the 
chemical sensor devices based on organic semiconductors, 
diodes present interesting features compared to transistors as 
they are easier and cheaper to fabricate and simpler to operate. 
The gas interaction processes lead to a change in the charge 
carrier mobility of the OSCs that can be easily read through 
the variation of the output signal of an electronic device. Thus, 
it is necessary to use a device whose current does not change 
over time. Figure S8 in the Supporting Information shows the 
current variation of a PT250/UTDots structure over 90 min and  

7 days, respectively. These measurements were taken in 
ambient conditions to demonstrate the stability of our diodes 
over the time, before investigating their performance as gas 
sensors. The setup for the sensing characterization is shown in 
Figure 6a: the tests were carried out on a PT250/UTDots struc-
ture, mounted on To-U package, to assess the electrical response 
of the diodes upon exposure to NO2 gas (see the Experimental 
Section). Also in this case, the characterization was performed 
in ambient conditions increasing the gas concentration from  
1 to 10  ppm with an incubation time of 50  min before each 
measurement. As an example, the current variation during 
the exposure to a 10  ppm concentration of NO2 is reported 
in Figure S9a in the Supporting Information. The interaction 
between a p-type OSC and a strong electron acceptor, like NO2, 
provokes an increase in the number of holes. Therefore, the 
charge concentration of the semiconductor increases when 
the diode is exposed to NO2 gas.[66] SP400 is an amorphous 
polymeric semiconductor that was chosen to improve the gas 
diffusion and mitigate the problems related to gas absorp-
tion–desorption efficiency, typical of OSC characterized by 
crystal domain boundaries. The induced carriers initially fill 
the traps under the conduction band and then contribute to the 
passage of current. The charge carrier mobility is dependent on 
the carrier concentration as is clearly visible from the variation 
of the slope of the current–voltage curves (Figure S9b, Sup-
porting Information). The response of the device to NO2 was 
evaluated using Equation (3)

I I

I
( ) =

−Response % NO air

air

2 	 (3)

where INO2 and Iair are the maximum forward currents of the 
sensor measured in presence of NO2 and in dry air, respec-
tively. Figure  6b shows a linear correlation between the 
response and the NO2 concentration from 1 to 10  ppm (red 
points). From its slope the device sensitivity was determined to 
be 4% ppm−1. The same test performed on the PT250/UTDots 
nanopaper (blue points) did not show any significant current 
variation. This result confirms that the active component in the 
NO2 sensing is the organic semiconductor and not the CNP. 
After stopping the NO2 flow, the current of the diode started 
to decrease and approached the original current level after 

Adv. Mater. Technol. 2020, 1900773

Figure 6.  a) Gas sensing setup. b) Response of PT250/UTDots diode structure (red points), 
and of PT250 nanopaper (blue points) to different concentrations of NO2.
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120 min, which was found to be the recovery time of the diode 
gas sensor. The sensing performance of the devices regarding 
to sensitivity (for ultralow concentrations, ppb level) and selec-
tivity will be object of future investigations and optimizations. 
However, this preliminary test should be considered as a proof-
of-concept of feasible applications of the diodes.

3. Conclusion

Novel high-performing organic diodes onto conductive cellulose 
substrates were fabricated by inkjet-printing and characterized. 
Different polymeric and carbon-based conductive fillers were 
evaluated to provide conductivity to cellulose substrates. Best 
performance was obtained by the polymeric filler PT2 since 
those CNPs possessed an extremely smooth surface and good 
conductivity. Organic diodes with fabrication yield of around 
80% showed outstanding electrical behavior when cellulose sub-
strates containing PT2 acted as both substrate and bottom elec-
trode and UTDots was employed as insulator. Rectification ratio 
of up to 1.2 × 103 with negligible reverse current and a current 
density of 5.1 µA cm−2 at forward bias with a reproducibility of 
90% were obtained in ambient conditions. Thermionic emis-
sion model was found to be the main conduction mechanisms 
responsible for carrier injection into the insulator. From tem-
perature-dependent characterizations, it is possible to assume a 
barrier height at semiconductor/insulator interface of 0.25 eV.

Finally, CNPs diodes demonstrated to interact successfully 
with the NO2 gas and reached a sensing response of 4% ppm−1 
operating at room temperature. This test is presented as a 
proof-of concept for the possible sensing applications of these 
structures.

4. Experimental Section
Materials: High-purity softwood cellulose pulp was provided by 

Domsjö (Sweden) and used as cellulose raw material. 98% pure pyrrole 
was purchased from Sigma Aldrich and was used for the chemical 
synthesis of PPy. Aqueous solutions of 1.1 wt% of two different types 
of PEDOT:PSS (Clevios PT2 and PH500), containing 1:2.5 by weight of 
each component, were purchased from Clevios Heraeus Deutschland 
(Leverkusen, Germany). MWCNTs from Sigma Aldrich containing more 
than 95% of carbon with an outside diameter and length of 6–9  nm 
× 5  µm were treated with H2SO4/HNO3 (3:1) reaction mixture prior 
to use. Iron (III) chloride (FeCl3), Tween-80, 2,2,6,6-tetramethyl-1-1-
piperidinyloxy (TEMPO), sodium bromide (NaBr), sodium hypochlorite 
(NaClO), HCl, NaOH, NaCl, H2SO4, and HNO3 were purchased from 
Sigma Aldrich and used without further purification. For the diode 
fabrication, poly(4-vinylphenol, PM 25000) (cPVP), poly(melamine-
co-formaldehyde) methylated (CL), and propylene glycol methyl ether 
acetate (PGMEA) were purchased from Sigma Aldrich and used without 
further purification. The Epoxy ink is the Prielex SU-8 ink (PLX) from 
MicroChem. The high-K epoxy insulator (UTDots) is a commercial ink 
from UTDots, Inc., that contains amorphous silica nanoparticles, epoxy 
resin, and epoxy hardener. The OSC Lisicon SP400 is a commercial 
hole transport amorphous semiconductor from Merck. The top silver 
electrode (TE) is a silver conductive paste from Electrolube.

Preparation of the Nanopapers: Figure S1 in the Supporting Information 
reports all the different CNPs fabricated in this work. The preparation of 
CNF followed the TEMPO-mediated oxidation at basic pH described in 
previous work[67] with 5 mmol of NaClO until constant pH of 10. After 

TEMPO-oxidation, the cellulose suspension was filtered and washed five 
times with distilled water to remove all nonreacted reagents and free 
ions. After that, the cellulose suspension at 1.1 wt% concentration was 
passed through a high-pressure homogenizer (NS1001L PANDA PLUS 
2K_GEA), three times at each pressure of 300, 600, and 900 bars. For 
the preparation of CNPs, the CNF was diluted to 0.2 wt% concentration 
with distilled water, dispersed for 30 s by means of an ultraturrax (IKA, 
GmbH& Co. KG, Germany) and sonicated, for 10 min at an amplitude of 
60% in two equal intervals with a 2 min standby, using a Q700 sonicator. 
For the fabrication of CNF-PEDOT:PSS nanopapers, two different types 
of PEDOT:PSS were used: PT2 and PH500. The conductive polymers 
were also diluted with distilled water to 0.5 wt% and stirred for 
5  min. The PEDOT:PSS suspensions were added into the above CNF 
suspension with different proportions of CNF-PEDOT:PSS (70/30 and 
50/50). The mixture was stirred for 1 h, filtered with a vacuum filter, 
and dried for 20  min at 85 °C under a pressure of 0.5–0.6  bar using 
a Rapid Köthen sheet dryer. The samples were labeled according to 
the proportion of the conductive polymer: PT230, PT250, PH50030 and, 
PH50050. For the fabrication of CNF-MWCNT nanopapers, prior to use, 
the MWCNTs were submitted to surface oxidation to get the solubility 
in water, following a procedure reported in a previous work.[29] After 
that, the CNF suspension at 0.2 wt% was prepared following the 
procedure described above. MWCNTs were dispersed in distilled water 
(1 mg mL−1) using the ultra turrax (IKA, GmbH& Co. KG, Germany) for 
3  min. Different amounts of MWCNT (30 and 50 wt% with respect to 
CNF content) were added dropwise into the CNF suspension. The CNF-
MWCNT mixture was stirred for 24 h at room temperature to obtain a 
homogenous distribution of MWCNT in the CNF network. The CNF-
MWCNT suspension was then filtered overnight using a vacuum filter 
and dried using the same procedure described for the CNF-PEDOT:PSS 
nanopapers. Also in this case, the samples were labeled according to the 
proportion of the MWCNTs: MWCNT30, and MWCNT50.

For the preparation of the ternary nanopapers, PEDOT:PSS 
suspension and MWCNT dispersion were prepared according to the 
procedure reported above. 0.21  mL of pyrrole monomer were mixed 
with 30  mL of HCl (0.5 m). The pyrrole acidic solution was added to 
the CNF suspension and the mixture was stirred for 5 min. A solution 
of 1.21  g of FeCl3 in 30  mL of HCl (0.5 m) was added drop by drop 
into the suspensions to initiate the polymerization of the pyrrole. The 
final mixture was kept under stirring for 1 h, filtered with a vacuum 
filter, and subsequently washed with 500  mL of HCl 0.5 m, 500  mL of 
NaCl 0.1 m, and 500  mL of distilled water. During the last wash with 
the distilled water, the solution was sonicated for 2 min to remove the 
eventual presence of gas and to promote the homogenization. Finally, 
the nanopapers were dried using the same procedure described for the 
binary CNPs. The samples were labeled according to the components: 
PT2_PPy, PH500_PPy, and MWCNT_PPy.

Fabrication of the Diodes: Figure  1a shows the fabrication scheme 
of the diode structures presented in this work. Optical image of the 
fabricated device is presented in Figure 1bi and SEM image of the diode 
can be observed in Figure 1bii. The same procedure was followed for the 
fabrication of all the structures. A Fujifilm Dimatix DMP2831 desktop 
printer was used as the printing setup. In this work, three different 
polymeric insulators were directly inkjet-printed onto CNPs. A solution 
of PVP and CL in PGMEA (the concentrations of PVP and CL were 90 and  
45  mg mL−1) was inkjet-printed using a drop spacing (DS) of 30  µm 
while keeping the substrate at room temperature. Crosslinking was 
performed in an oven for 30 min at 150 °C. The diodes fabricated with 
inkjet-printed cPVP layers have a thickness of 1.0 ± 0.1 µm. PLX SU-8 ink 
was patterned using a DS of 40 µm and keeping the temperature platen 
at 45 °C and the temperature of the printhead at 45 °C. The curing 
process involved a UV treatment for 30 s. The diodes fabricated with 
inkjet-printed PLX layers have a thickness of 3.7  ±  0.1  µm. The high-K 
epoxy insulator UTDots was printed using a DS of 25 µm and heating 
the platen at 45 °C. The curing procedure was carried out on a hot plate 
at 150 °C for 60 min. The diodes fabricated with inkjet-printed UTDots 
layers have a thickness of 7.8 ± 0.6 µm. The OSC was deposited on the 
top of the dielectric layer using drop casting (0.1 µL). The curing process 
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was performed on a hot plate for 2  min at 100  °C. The silver TE was 
deposited by means of drop casting and dried in air.

The diodes are named according to the type of nanopaper and the type 
of dielectric employed. The left part of the label indicates the CNF used 
and the right part indicates the insulating layer, for example: PT230/cPVP 
diodes.

Device Characterization: The morphological and electrical 
characterizations were carried out on at least three samples of 0.5  cm 
× 2.0  cm area per each nanopaper (AFM images were performed over 
5 µm × 5 µm areas). The electrical conductivity of the nanopapers was 
determined following the procedure reported by Lay et al. in 2016.[29] The 
current–voltage characterizations of the diodes were carried out using 
an Agilent B1500A Semiconductor Analyzer. Impedance measurements 
were performed with an Agilent 4294A Precision Impedance Analyzer. 
All the electrical measurements were performed in ambient conditions 
and ambient light. Micrographs were acquired using a light microscope 
DM4000 from Leica and scanning electron microscopy images were 
obtained using a Carl Zeiss Leo 1530 E-beam instrument. Atomic 
force microscopy images were carried out using the Nanoscope Veeco 
Dimension 3100. The response of the diodes to nitrogen dioxide was 
recorded using a homemade stainless-steel chamber of 8.6 mL volume 
connected to a Gometrics MGP2 gas mixer with four Bronkhorst mass-
flow controllers. Electrical characterization of gas sensors was carried 
out with Keithley 2602A dual source measure units and flowing gas 
concentrations were controlled using an in-house application developed 
on Labview software. For all the gas measurements, a constant flow of 
200 mL min−1 was maintained.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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