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Regents and materials

Whatman chromatography paper (grade 2 CHR) purchased from GE Healthcare
Worldwide (Shanghai, China) was utilized as the substrate for the assembly of paper
device. Pyrrole monomer obtained from Aladdin (China) was twice distilled prior to
use. Tris(2,2’-bipyridine)dichlororuthanium(Il)hexahydrate was obtained from
Aladdin Chemical Reagent Co. Ultrapure water (=18.25 MQ cm) produced from a
Lichun water purification system (Jinan, China) was utilized throughout the

experiments.

Preparation of AuNPs seeds

The AuNPs seeds solution was synthesized according to previous reported method
via the simple reduction of HAuCly.! Briefly, 50 mL HAuCl, (0.25 mM) was firstly
heated to 90 °C and kept for 2 min. Then 3.0 mL of freshly prepared 34 mM trisodium
citrate was added. After heated for 10 min, the color of the solution turned wine red,

suggestting the successfully preparation of the AuNPs seeds solution.

In-situ synthesis of PB film

The electropolymerization of PB was conducted by applying a constant potential of
0.4V for 1200 s. A freshly prepared aqueous solution containing 2.5 mM K;[Fe(CN)g]
and FeCl;, 0.1 M HCI, and 0.1 M KCI was applied as the electrolyte. After deposition,
the as-prepared 3D PB films with a sheet of paper thickness were dried at 100 °C for 8

h after being thoroughly washed, and stored in a dark environment shielded from light.



The influence of AulNPs size on the conductivity of paper-based electrodes

Paper-based electrodes (Samples a-c) functionalized by AuNPs of different size
have been fabricated as illustrated in Fig. S6 and Table S2. Obviously, it could be found
that sample a (Fig. S6a;-S6a;3) coated with 160-200 nm gold nanoparticles has the best
surface uniformity and exhibits the best conductivity in both horizontal and vertical
directions. As the particle size of the AuNPs increases (Samples b and c), the surface
uniformity deteriorates (Fig. S6b;-S6b; and Fig. S6c¢,-S6c;), accompanied by a
decrease in conductivity (Table S2). The reason is that AuNPs with increased particle
size can not completely penetrate into the interior of the paper fibers, which in turn
affects the formation of continuous gold network structures. As a consequence, paper-
based electrodes functionalized by AuNPs with larger size and lower density
distribution, exhibit unsatisfactory electrical performance. Summarily, benefiting from
the smaller size of AuNPs compared with the pores of the cellulose paper, high density
and uniformly dispersed AuNPs with 160-200 nm on the cellulose fiber surfaces, a
continuous and dense conductive gold architecture was obtained in this work,
exhibiting enhanced electrical performance. Therefore, to construct a highly conductive
paper-based electrode, it is preferable to employ AuNPs with smaller size for
modification. Furthermore, the higher density of AuNPs distribute, the better

conductivity of the electrodes display.



Morphology characterization

The successful electropolymerization of PB film on cellulose paper was confirmed
by its obvious color change from white to blue.>* In contrast to raw paper (Fig. 2a), a
homogeneous and dense PB film was deposited onto the cellulose surface, as the typical
SEM images described (Fig. S9a-c). Moreover, the energy dispersive spectroscopy
(EDS) mapping analysis were carried out to investigate the elemental distribution, as
revealed in Fig. S9e-j. Obviously, it could be seen that C, N, O, K, and Fe elements
were evenly distributed on the cellulose surface. Notably, because of its unique 3D
porous structure of paper matrix, PB film also could be formed in the interior
framework of paper fibers, thereby the forming PB film having the same thickness as
the paper sheet. Hence the cross-sectional view (Fig. S9d) of the product and
corresponding EDS mapping images (Fig. S9k-p) characterization were performed. The
analytical results were agreed well with the prediction, demonstrating successful

coating and uniform distribution of PB film on the cellulose paper framework.



Electric performance of power paper

The half reactions of Mg/Mg**and PW/PB are shown in Equation (S1) - (S2)

Mg - 2¢- — Mg?* (S1)
Fe[Fe(CN)e] (PB) + &= — Fe[Fe(CN)e]> (PW) (S2)

The bleached device recovered its blue color after being oxidized by ClO-; the

corresponding charging process could be described by the following reaction*:

2Fe[Fe(CN)s]> (PW) + ClO- + 2H* — 2Fe[Fe(CN)s] (PB) + CI' + H,O  (S3)



Table S1 Sheet resistance comparison of previous reported paper-based materials and fabricated porous gold conductive track.

) . . Sheet resistance Reported
Species Materials Preparing methods i Ref.
(Qsqh time
Conductive graphene patterns Inkjet reduction method 600 2015 5
Chemical vapor deposition and dry-
Graphene-on-paper 445 2016 6
transfer
Nanostructured reduced graphene coated oxide cellulose ) ] .
Coating and reduction reaction 210 2014 7
fibers paper
Carbon materials
Carbon nanotube film Blade-coated method 50 2010 8
Carbon nanotube conductive paper Coating method 10 2009 9
Carbon nanotube/bacterial nanocellulose paper Coating process 7 2012 10
Reduced graphene oxide paper Freeze-drying method 0.65 2015 11
Polypyrrole incorporated in paper Gas-phase polymerization 40=+1 2016 12
Polypyrrole modified paper “Pen-writing” method 17 2014 13
Conductive
polymers Polypyrrole-coated paper Soak and polymerization method 4.5 2013 14
Freestanding bacterial cellulose—polypyrrole nanofibres )
Vacuum-filtering method 4.37 2014 15

paper




Pencil-drawing and

Graphite/polyaniline networks . 323 2013 16
electrodeposition
) . Synchronously reducing and
Reduced graphene oxide—sulfur composite . 25.9 2016 17
assembling
Composites Single wall carbontube/active carbon and Ag nanowire Inkjet-printing 8 2016 18
. . Deposition and
Au/polyvinyl alcohol/polyaniline-coated paper oo 7 2012 19
electropolymerization
Free-standing reduced graphene oxide/polypyrrole/ In situ polymerization and chemical 17 2017 0
cellulose hybrid papers reduction '
Metallic single-walled carbon nanotubes/AuNP hybrid . )
i Ambient filtration 37 2015 21
film on mixed cellulose ester
) ) Plasma-enhanced chemical vapor
Copper nanowire transparent conducting electrode . 32 2011 22
deposition process
Metals and metal Silver nanowires networks on nanopaper Filtration method 12 2014 23
oxides
Tin doped indium oxide-coated paper Sputtering method 12 2013 24
Al deposited paper Chemical solution process 0.25 2013 25
. This
Porous gold conductive track Double bottom-up growth method 1.6 -- .
wor




Table S2 Conductivity comparison of paper-based electrodes modified with AuNPs

of different size.

Sample . ApNBs size 'De.nsit.y ngizontal shefft Vertical con(_iuctivity
distribution (nm)  distribution resistance (Q-sq’!) (S-em™)

a 160-200 High 1.60 44.58

b 450-550 Moderate 3.52 2.37

c 250-2000 Low 57.8 0.019

Table S3 Power density comparison of different power devices.

Power density

Power devices Ref.
(mW cm?)
Self-feeding paper based biofuel cell 0.87 26
Paper-based biofuel cells using printed porous carbon electrodes 0.12 27
Enzymatic biofuel cells based on nitrogen-doped hollow carbon
o 0.325+0.0006 28
nanospheres functionalized electrode
Photoelectrochemical fuel cells 13.34 29
Microbial fuel cells based on three dimensional graphene-based 897 1 30
frameworks ’
Single-use paper-based hydrogen fuel cells 103.20 31
This
Output controllable power paper 11.58
work




Fig. S1 The schematic representation of the power paper device
designed with Adobe Illustrator CS4.

Fig. S2 Photograph of integrated paper microfluidic platform after double bottom-up
growth of AuNPs and secondary wax-printing. The circle-shaped hole cut by a punch
plier was used to place Mg sheet. Red dotted areas are hydrophobic gold wires. The
numbers refer to hydrophobic regions defined by colored wax.
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Fig. S3 The schematic folding step of paper device for the electroploymerization of PB
film. The number is consistent with the area defined in Fig. S2. A and B refer to the
front and back sides of the paper respectively.

Fig. S4 Photographs of fabricated integrated paper microfluidic platform for
electroploymerization of PB film.
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Fig. S5 The schematic folding step of power paper device. The number is consistent
with the area defined in Fig. S2. A and B refer to the front and back sides of the paper
respectively.



Fig. S6 Representative SEM images of paper-based electrodes modified with AuNPs
of different size (a;-c;) at different magnification (i=1-3).
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Fig. S7NAND logic gate. (a) Proposed symbol for NAND logic gate. MS: main switch;
BS: branch switch. (b) A physical circuit for fabricated paper-based NAND logic gate.
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Fig. S8 Overview of the fully integrated paper microfluidic platform and electrical
properties of graphite layer drawn on paper. (a) Schedule of the fully integrated paper
microfluidic platform from model to power paper. (b) Photograph of the constructed
fully integrated paper microfluidic platform. (c) Sheet resistance and electrical
conductivity of the pencil-drawing graphite layer on paper with respect to various

pencil types.
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Fig. S9 Morphological and composition characterizations of the as-prepared 3D PB
film. (a-c) SEM images of electropolymerized 3D PB film on porous paper. (d) Cross-
sectional SEM image of 3D PB film. (e-p) The EDS elemental mapping images of 3D

PB film of the corresponding surface (c) and cross-sectional (d) image, demonstrating
the homogeneous distribution of: (e, k) carbon, (f, 1) nitrogen, (g, m) oxygen, (h, n)
potassium, (i, 0) gold, and (j, p) iron elements.
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Fig. S10 Typical low- and high-magnification SEM images of electropolymerized (a,
b) PPy film and (c, d) PANI network.
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Fig. S11 Performance of power paper. Repeated rechargeability examination of the
fabricated power paper by simply disconnecting PB and Mg in 1 M KCl, 0.025 M CIO-,
and 0.1 M phosphate buffer. P: power density. And in-situ gray intensity measurement
of deposited PB film under repeated discharging and charging cycles.
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