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the desired functionality while minimizing costs, a combination of facile coating methods and accurate
microstructural designs is required, but remains elusive. Herein, novel conductive and porous mem-
branes are designed based on a facile and scalable approach to fabricating conformally coated gold layers
on electrospun PVDF fibers (Au-PVDF-NFMs) via electroless plating. The deposition of a conformal and
fully interconnected gold layer with an average thickness of circa 38 nm on the surface of nanofibers
is confirmed by systematic characterizations. The high-conjunction gold layers endows a high electrical

Keywords:
Electroless plating

* Corresponding authors at: Empa, Swiss Federal Laboratories for Materials
Science and Technology, Diibendorf, Switzerland (A. Senocrate). Donghua Univer-
sity, 2999 North Renmin Road, Songjiang District, Shanghai 201620, China (X.
Wang). Institute of Environmental Engineering, ETH Zurich, Zurich, Switzerland,
and Empa, Swiss Federal Laboratories for Materials Science and Technology,
Diibendorf, Switzerland (J. Wang).

E-mail addresses: Alessandro.Senocrate@empa.ch (A. Senocrate), xhwang@dhu.
edu.cn (X. Wang), jing.wang@ifu.baug.ethz.ch (J. Wang).

https://doi.org/10.1016/j.matdes.2022.111441
0264-1275/© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2022.111441&domain=pdf
https://doi.org/10.1016/j.matdes.2022.111441
http://creativecommons.org/licenses/by/4.0/
mailto:Alessandro.Senocrate@empa.ch
mailto:xhwang@dhu.edu.cn
mailto:xhwang@dhu.edu.cn
mailto:jing.wang@ifu.baug.ethz.ch
https://doi.org/10.1016/j.matdes.2022.111441
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes

R. Yu, A. Senocrate, F. Bernasconi et al.

Conformal and fully interconnected gold
layer

Nanofiber

electrochemical CO, reduction

Materials & Design 225 (2023) 111441

conductivity to the membranes, yielding a low sheet resistance of 1.2 Q/sq. In addition, the membranes
show integrated functionalities such as hydrophobicity and gas permeability. Notably, the NFMs also
show excellent mechanical durability under both stretching and bending, with negligible conductivity
losses after 1000 test cycles. Thanks to these properties, the Au-PVDF-NFMs demonstrates practical suit-

ability as gas diffusion electrodes (GDEs) for electrochemical CO, reduction. The Au-PVDF-NFMs exhibit a
substantial Faradaic efficiency towards CO, as high as ~ 85 % at —0.7 V vs reversible hydrogen electrode
(RHE), and are able to reach current densities of 100 mA cm~2 at —0.95 V versus RHE.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Noble-metal-coated fiber membranes (FMs) with unprece-
dented conductivity, controllable porosity, and excellent mechani-
cal flexibility are being intensively used due to their potential
applications in wearable and flexible electronics,[1,2] energy har-
vesting,[3,4] sensors for environmental monitoring,[5] and point
of care diagnostics.[6] Various inorganic and organic conductive
FMs have been exploited, with relevant examples being carbon-
based [7,8] and polymer-based substrates.[9,10] Polymer fiber
based conductive FMs have the advantages of mechanical flexibil-
ity, robustness, tunable pore sizes and can be fabricated through
several routes, thus they are widely used for flexible electrodes.
[11-13] The polymer used can either be intrinsically conductive,
or require the addition of conductive additives or layers.[14]| Ben-
efits of the second strategy, which typically uses metals or carbon
addition, include higher final membrane conductivity and more
flexible and inexpensive processing. To introduce a conductive
layer on top of the free-standing polymer FMs substrates (see
Table 1), physical vapor deposition,[ 15-18] chemical vapor deposi-
tion,[19,20] and electrochemical plating (EP)[21,22] are commonly
used, allowing a rich variety of metal materials to be prepared
while retaining excellent electrical conductivity. While precise
control over the composition and thickness of these films can be
obtained with these methods, they either rely on expensive vac-
uum equipment or require a conductive polymer substrate for
the deposition. Moreover, it remains highly challenging to create
three-dimensional conductive networks with controllable struc-
ture and morphology with these methods. In contrast, electroless
plating (ELP)[23,24] has drawn considerable attention for the
preparation of flexible electronic components and 3D conductive
networks. ELP is a solution-based, non-electrochemical deposition
method relying on a chemical redox reaction to deposit uniform
and continuous metallic films on both conductive and non-
conductive substrates [25]. It allows for the accurate tuning of
the metal thickness and for a conformal surface coverage on rough
or nonplanar surfaces, without the directional limitations encoun-
tered during physical or chemical vapor deposition.[26] Several
works have demonstrated electroless metal plating, e.g. of Ag, Cu,

or Pd, on fibrous materials including electrospun carbon nanofi-
bers, PVDF nanofibers, and nonwoven fabrics.[12,24,27,28] Previ-
ous reports also showed conformal Au layer deposition, but only
on planar substrates [29,30], with no reports discussing deposition
on non-planar fiber mats.

In this work, a facile method for producing conformally Au-
coated 3D conductive nanofiber membranes (NFMs) is presented,
based on electrospun hydrophobic PVDF nanofiber substrates. To
the best of our knowledge, this is the first report of conformal Au
deposition on nonplanar and hydrophobic PVDF NFMs. The main
challenges for the Au deposition arise from the inert and nonplanar
surfaces of insulating substrates,[31] from the difficulties to
achieve homogeneous distribution on the substrate of the seeds
necessary for conformal layer growth[32], as well as from poor
Au>* mass transport to the deposition sites.[33,34] To tackle these
issues, we first functionalize the substrates with polydopamine
(pDA), to enable Au seeds adhesion. Polydopamine (pDA) can
absorb on all types of surfaces and give uniformly distributed
active sites for metal ion adsorption and metal nucleation.[35,36]
We then expose the functionalized surface to Au nanoparticles
(NPs), that adhere to the surface and act as seeds for the metal
layer growth, allowing a conformal Au layer deposition by ELP.

We systematically characterize both the electrospun NFM sub-
strates and the Au-deposited NFMs by a variety of techniques
(scanning and transmission electron microscopy, energy-
dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), porosimetry, pressure drop
measurements, dynamic light scattering, and contact angle mea-
surements), to show that we successfully deposit a 38 nm thick,
conformal Au layer on the PVDF nanofibers, with no significant
alteration to their microstructure. The resulting Au-PVDF-NFMs
show a low sheet resistance of 1.2 Q/sq, alongside an excellent
stretching and bending durability giving rise to negligible conduc-
tivity loss after 1000 cycles. In addition, the NFMs shows high gas
permeability as well as a moderate hydrophobicity. As Au metal is
active in the electrochemical CO, reduction (CO,R), we tested the
Au-PVDF-NFMs as gas diffusion electrodes for CO,R. We achieve
Faradaic efficiencies towards CO above 75 % at a current density

Table 1
Summary of reported conductive membranes prepared by gold coating on polymers.
Material Dimensionality = Template Coating method Coating Resistance Bending
thickness durability
Au nanothrough One layer Eletrospun PVA® /PVP)?) NFMs  PVD® 80 nm 2 Qfsq 1000
[17] (2D @
Au nanomesh [18] One layer (2D)  Electrospun PVA NFMs PVD 70-100 nm 53 Q [sq 10,000
Au [PAN [22] Top layer (2D)  Electrospun PANP NFMs EP®) (Pt-Pd seeds) <1 pm N.A. N.A.
Au/Kapton Top layer Film ELP™ (Plasma + silane) N.A. 1Q/sq N.A.
or PE [29] (2D) )
Au/PS [30] Top layer (3D)”  Film ELP (Plasma + silane + shrinking) 15-55 nm 0.39-1.8 Q/ N.A.
sq
Au/PVDF (this work) Multilayer (3D)  Electrospun PVDF NFMs" ELP (pDA)¥ 38 nm 1.2 Q/sq 1000

Explanation for abbreviation: * two-dimensional; * polyvinyl alcohol; © polyvinylpyrrolidone; ) nanofiber membranes; © physical vapor deposition; ? polyacrylonitrile; &
electroplating; ™ electroless plating; ” three-dimension; ¥’ polyvinylidene fluoride; ¥ polydopamine.
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of 100 mA/cm?, demonstrating the potential use of these mem-
branes in electrocatalysis.

In contrast with previous Au deposition on polymer substrates,
Ref [17,18,22,29] in Table 1, which achieved a 2D Au layer deposi-
tion of moderate thickness (>70 nm, up to 1000 nm) and conduc-
tivity (1-5.3 Q/sq), this works shows the formation of a 3D Au
layer of high conductivity (1.2 Q/sq), achieved with only a thin
coating thickness of 38 nm and thus an efficient use of precious
metal. While another work has shown similar performances, (Ref
[30] in Table 1) these were achieved with an additional plasma
cleaning step, here substituted by the more energetically efficient
pDA treatment causing no loss of functional membrane properties.

2. Experimental section
2.1. Chemicals and materials

Polyvinylidene fluoride (PVDF, average Mw = 150000), N, N-
dimethylformamide (DMF, ACS reagent, > 99.8 %), dopamine
hydrochloride (DA-HCI, 98 %), gold (III) chloride solution (HAuCly,
99.99 % trace metals basis, 30 wt% in dilute HCI), hydrogen perox-
ide (H,0,, 30 wt%), sodium citrate, Tris(hydroxymethyl) amino-
methane (99.8 %) were purchased from Sigma-Aldrich. Deionized
water from a Milli-Q purification system was used for preparing
all the solutions. All the chemicals and materials were used with-
out further purification.

2.2. Electrospinning of nanofiber membranes and hot pressing

PVDF powder was dissolved in a mixture solvent of DMF and
acetone in a ratio of 1:1 for 12 h to obtain a 14 % wt PVDF solution.
PVDF nanofiber membranes (PVDF-NFMs) were prepared by a
multi-jet electrospinning system (NaBond Technologies Co., 1td.)
using 20 kV accelerating voltage, 10 cm needle-collector distance
and 1 ml-h~! polymer solution flow rate for 2 h. After electrospin-
ning, the membranes were dried in the oven at 60 °C overnight.
Prior to surface modification, PVDF-NFMs were compressed via
hot-pressing treatment at 125 °C and formed fused junctions. This
step eliminated fluffiness and created strong-conjunction points
between fiber networks across the NFM thickness, which was ben-
eficial for better mechanical properties of the PVDF-NFMs.[37].

2.3. Electroless Au plating on PVDF-NFMs

2.3.1. Surface modification of PVDF-NFMs

Firstly, 10 mM Tris-HCl buffer solution was prepared by dissolv-
ing 0.1211 g Tris (hydroxymethyl) aminomethane (99.8 %) powder
in water then 1 M HCl was used to adjust pH at 8.5, followed by
addition of water to bring the volume of solution to 100 ml. A
2 g-L'! DA-HClI solution was prepared by dissolving DA-HCI powder
in the above 10 mM Tris-HCI solution by sonication. Subsequently,
PVDF-NFMs were vertically immersed for 12 h in the freshly pre-
pared DA-HCl solution under stirring. A homogeneous poly-
dopamine (pDA) layer grew on PVDF-NFMs through DA
polymerization process. Finally, the PVDF-NFMs with the pDA
layer (pDA-PVDF) were ultrasonically cleaned for 2 min to remove
overgrown pDA aggregates and washed with deionized water for
three times.

2.3.2. Preparation of colloidal AuNPs

All glassware used in the following procedures were cleaned in
diluted alkaline solution (Extran MA 01), followed by rinsing thor-
oughly with deionized water prior to use. Fresh AuNPs seeds were
synthesized via reduction of HAuCl, using citrate sodium as both
reducing and stabilizing agent, according to the modified Turke-
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vich method.|38] Briefly, the experiment was performed by adding
a HAuCl, aqueous solution (2.5 ml, 25.4 mM) to 247.5 ml of a boil-
ing citrate aqueous solution (5.2 mM) under vigorous stirring. The
solution color turned from light yellow to grey and finally changed
to red-wine. After 5 min of boiling, the heating unit was removed
and the freshly prepared colloidal AuNPs solution was stored at
refrigerator for further use.

2.3.3. Immobilization of AuNPs and ELP of AuNPs onto the pDA-
modified PVDF-NFMs

The pDA-modified PVDF-NFMs were vertically immersed in the
freshly prepared colloidal AuNPs solution at room temperature for
4 h under stirring. AuNPs were immobilized on the surface of
nanofibers by chemical absorption of amino group in PDA to col-
loidal gold. As a result, those immobilized AuNPs formed a self-
assembled monolayer on the PVDF fibers (PVDF-AuNPs), which
can be regarded as favorable sites for the seed growth. Subse-
quently, the PVDF-NFMs was rinsed with deionized water. For
ELP, a green reductant and benign reaction condition was
employed. The PVDF-AuNPs was immersed in a plating solution
containing HAuCl, and 30 % H,0, for 1 h under stirring at room
temperature, where the Au>* reduction reaction occurred at the
surface of seed particles.

The key requirement of the ELP method to achieve conformal
coating is that the kinetics of homogeneous electron transfer from
the reducing agent to the metal ion is slow.[39] Since the reduction
HAuCl, with H,0, is very fast, higher concentrations of HAuCl,
with H,0, will generate higher reduction rates and larger size of
AuNPs, which may enhance roughness of NFMs.[40] Herein, we
use low concentrations of 0.44 mM HAuCl, and 15.2 mM H,0, to
lower the reaction rate and thus yield uniform AuNPs layer on
the surface of nanofibers (defined as Au-PVDF-NFMs). Additionally,
mechanical stirring during the ELP process can enable the uniform
concentration of HAuCl, with H,O, around the NFMs, improving
the continuity and uniformity of gold nanoparticles on the NFMs
surface.

2.4. Materials characterization

Microstructural Analysis: The nanostructure of the colloidal
AuNPs used as seeds was analyzed by transmission electron micro-
scopy (TEM) with accelerating voltage 200 kV (JEOL JEM2200FS).
Prior to TEM analysis, 5 pl drop of colloidal solution was put on
a carbon film copper TEM grid. The TEM grid with the AuNPs dro-
plet was dried in the oven at 60 °C for 1 min. The surface morphol-
ogy of PVDF-NFMs at different stages of Au deposition and
corresponding element mapping were characterized by field emis-
sion scanning electron microscopy (FE-SEM, Nova NanoSEM 230,
FEI company, Hillsboro, OR, USA). The accelerating voltage is
10 kV and the work distance is circa 5 mm. Generally, 10 nm thick-
ness of Pt (measured with a flat piezo detector) was coated on
PVDF-NFMs, pDA-PVDF-NFMs, PVDF-AuNPs to avoid charging.
Since the NFMs was too thin to keep the cross section from defor-
mation using the normal cutting process, a combined focus ion
beam scanning electron microscope (FIB-SEM, Helios 5UX) was
used to evaluate the NFMs' thickness. The cross section was
exposed by a FIB milling and imaged by SEM secondary electron
mode with the accelerating voltage of 5 kV. Element mapping
was done using the EDS system attached to the FIB-SEM system.
The atomic force microscopy (AFM (5500 AFM-SPM, Keysight,
USA) was used to analyze the surface roughness of NFMs. The
obtained images covered an area of 15 um x 15 pm.

Size Analysis: The size distribution of colloidal AuNPs was fur-
ther analyzed by dynamic light scattering (DLS) using a Zetasizer
Nano Series (Malvern, UK) instrument. The mean diameter of the
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fibers comprising the NFMs was determined from FE-SEM images
using Image ] software, applying a Gaussian fitting.

X-ray Diffraction Analysis: The crystalline structures of Au-
PVDF-NFMs were obtained with XRD on a PANalytical X'Pert PRO
diffractometer (PANalytical, Netherlands) equipped with Cu Ko
radiation. Prior to XRD analysis, the NFMs were taped on the
monocrystalline silicone. The operating voltage was 45 kV. The
step size was set to 0.083, and the scan range was from 10 to 100°.

XPS Analysis: XPS measurements were carried out on a PHI
Quantes spectrometer (ULVAC-PHI) using monochromatic Al Ko
radiation (photon energy 1486.6 eV). XPS survey spectra were
recorded with a step size of 0.25 eV. The CasaXPS software was
used to analyze the XPS data, using the C 1 s signal at 284.8 eV
as the reference. Chemical state analysis of element was performed
by constrained peak fitting of the Shirley background and setting
the ratio of peak area f7: f5 was 4/3 in the same chemical state.

Hydrophobicity Analysis: The static sessile drop method was
used to determine the contact angle of water (LiChrosov) on
PVDF-NFMs and Au-PVDF-NFMs with a Dataphysics OCA-20 (Ger-
many). The measurements were performed at 20 °C temperature
by dropping 1 pl of water on the surface of membranes at three dif-
ferent spots for each sample, taking video images during 30 s, and
processed them by an image analysis system.

The sheet resistances of different membranes were measured
by a four-probe sheet resistivity meter measurement system (SD-
600, NAGY Messsysteme GmbH, Germany). The pore sizes and dis-
tribution of membranes were measured by porosimetry (Porolux
1000, Porometer). The NFMs were cut into a 13 mm circle and were
impregnated with a wetting liquid. Next, the sample was secured
where nitrogen gas was used to displace the liquid out of the por-
ous fiber network. This ‘wet run’ resulted in a ‘wet curve’ which
represented the measured gas flow through the sample against
the applied pressure. The same method as above was used for a
dry sample (‘dry run’) measurement. According to wet and dry
curve, we obtained the pore size and distributions of NFMs.

Mechanical Analysis: The tensile test was conducted by tensile
tester (Zwick, Z010). The initial loading is 0.05 N and loading speed
is 2 mm/min. The NFMs' size was in 20 mm x 4 mm
(length x width). The mechanical stability of the samples, includ-
ing bending and stretching was evaluated by a home-built bending
test instrument and by a dynamic mechanical analyzer (DMA, TA
Q800). The pressure drops when CO, passing through PVDF-
NFMs and Au-PVDF-NFMs were measured by a pressure trans-
ducer (PC409, Omega, Inc.). The projected area for measurement
was 9.62 cm?. The CO, flow rate was tuned by a mass flow con-
troller (Aalborg TIO totalizer). The intrinsic gas permeability (k)
of a material can be calculated according to Darcy’ law as the fol-
lowing equation (1) [41]:

L
k:% ()

where Q is the fluid flux, A is the cross-section area, u is the fluid
viscosity, which is 1.48 x 10 Pa s for CO,[42], L is the thickness
of the media, A P is the pressure drop across the media.

2.5. CO; electrochemical measurements and product analysis

The electrochemical CO,R was tested in a two-compartment
cell (an image of flow cell configuration can be found in SI
Fig. S1). The working electrode, that is the cathode for the CO,R,
was the Au-PVDF-NFMs. The reference electrode was an Ag/AgCl
electrode, and an oversized Ti gauze coated with IrO, was used
as the counter electrode. 0.1 M KHCOs3 solution was used as the
electrolyte. We chose this electrolyte as it has been demonstrated
previously that the selectivity toward CO was optimal in this con-
centration of electrolytes, and to reduce water permeation through
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the anion exchange membrane induced by high cation concentra-
tions.[43-45] For the electrochemical measurement, Au-PVDF-
NFMs were hot pressed on an anion exchange membrane (AEM,
Sustainion™, PTFE supported) to obtain a membrane-electrode
assembly (MEA). Subsequently, the MEA was encapsulated in
Teflon tape with an exposed geometric electrode area of
0.196 cm?. The MEA was fixed between the two electrolysis cell
compartments, and the electrolyte was added to the chamber fac-
ing the AEM. The counter electrode was immersed in the elec-
trolyte. The Au-PVDF-NFMs was in contact with gaseous CO,
while the AEM contacted the electrolyte. During the electrolysis
experiments, CO, was introduced with a flow rate of 30 ml min~!
for sufficient CO, transport to the electrode surface. CO, was
purged into the reaction system for 30 min to reach pH equilib-
rium. The flow rate was regulated by a mass flow controller (FL-
201CV, Bronkhorst, HIGH-TECH, Germany). All the electrode
potentials were converted to RHE scale. All the electrochemical
experiments were conducted at room temperature. A Biologic
SP240 potentiostat was used for CO,R electrochemical measure-
ments. In a typical experiment, a linear scan voltammetry was ini-
tially used to bring the sample to the appropriate reduction
voltage. Subsequently, a chronoamperometric step was performed
at the desired reduction voltage for 1 h, while simultaneously ana-
lyzing the reaction products leaving the electrolyzer cell by gas
chromatography. The current densities obtained were normalized
to the geometric surface area.

The FE of gas products was evaluated according to equation (2):

e xFxPxVxX;

FE = o X 100 )

where e; is the number of transferred electron (herein is 2 for H,
and CO), F is the Faradaic constant (96485.3 A-s-mol~!), P is atmo-
spheric pressure (101.3 kPa), V is the volumetric flow rate of CO-,
X; is the concentration of the product measured by gas chromatog-
raphy, J is the total current measured by the potentiostat.

3. Results and discussion
3.1. Preparation of electrospun Au-PVDF-NFMs

As presented in Fig. 1, we prepare the Au-PVDF-NFMs starting
from electrospinning the PVDF substrate and hot pressing (Step 1
and 2), and subsequently depositing Au via a three-step process
including activation of the PVDF surface (Step 3), immobilization
of Au seeds (Step 4), and ELP (Step 5). We fabricate electrospun
fiber mats starting from a concentrated solution of PVDF in DMF/
acetone. After drying and hot pressing, the polymer nanofibers
are crosslinked together and the NFMs become compact. These
compact polymer fibers and fused conjunctions are critical for
the subsequent electroless gold plating, significantly reducing the
contact resistance and improving conductivity after metal deposi-
tion. The thickness of the membranes can be adjusted by varying
the spinning time. A membrane with a thickness around 15 pm
can be obtained after a continuous 2 h electrospinning. The control
of membrane thickness allows to tune the porosity of gas diffusion
electrodes, further regulating the diffusion mass transport of reac-
tant to electrode. A relatively thin membrane will greatly reduce
the diffusion path and enable high-rate gas transport.

We subsequently activate the surface of the PVDF-NFMs by a
self-assembled pDA layer via a dopamine self-polymerization pro-
cess under basic conditions. Previous literature reveals that termi-
nal functional groups on the polymer such as thiol (-SH), amino (-
NH,) and cyanide (-CN) have high affinity to colloidal gold.[35,46]
The deposited pDA has terminal amino groups, which upon expo-
sure to colloidal AuNPs are able to bind the gold nanoparticles on
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Hot pressing

1 ,QDA-coated fiber

pDA modification

Fig. 1. Schematics of the fabrication of Au-coated electrospun PVDF nanofiber membranes.

the surface of the nanofibers. In order to obtain highly conductive
Au electrodes, we subsequently conduct ELP using H,0, as green
reductant for Au* ions. As expected, the AuNP act as seeds for
the Au layer growth by providing favorable nucleation center for
the Au®* reduction. Thus, a conformal layer is formed on the
NFM without any Au nucleation in solution.[40] We expect that
during ELP, O, bubble formation (2 AuCl; +3 H,0, — 2 Au+8Cl~1 +3
0,, E= + 0.307 V) from the parasitic H,O, reduction will also take
place on the NFM surface and thus induce porosity in the Au
layer.[47] We therefore apply vigorous stirring during this step
to remove the O, bubbles, obtaining a homogeneous and compact
Au layer. Besides, the above compact PVDF-NFMs via hot pressing
will suppress the big O, bubble formation and improve sufficient
mass transport, leading the homogeneity of gold coating.

3.2. Characterization of Au-PVDF-NFMs

Fig. 2 shows the SEM images and fiber diameter distributions of
the PVDF-NFMs through several steps of the Au deposition. SEM
images of electrospun PVDF NFMs given in SI Fig. S2 reveal the for-
mation of polymer conjunctions after the hot-pressing step, owing
to the melting of PVDF nanofibers. These fused regions boost the
mechanical strength of membranes and improve the compactness
of nanofibers, which is helpful for handling and practical use of the
membranes as electrodes. Fig. 2a1-a3 show the electrospun PVDF-
NFMs after hot pressing, presenting a highly porous structure with
a mean fiber diameter of 358 nm. Fig. 2b1-b3 show that after pDA
modification and ultrasonic cleaning, the resulting NFMs possess a
smooth and conformal pDA layer, which facilitates the formation
of the conformal Au layer. Besides, the conformal and well-
ordered pDA layer has high tolerance to mechanical deformation.
The mean diameter of pDA-modified electrospun nanofibers
remains similar as before the modification. Compared with rele-
vant works utilizing plasma and silane treatment, an eco-friendly
and simple pDA treatment is employed here, maintaining the con-
formal surface of the membrane’s substrates. In addition, we find
that silane treatment easily results in agglomerates of colloidal
AuNPs due to the formation of silane multilayer.[48] Fig. 2c1-c3,

show the NFMs after exposure to the AuNPs solution, which leads
to NPs grafting and to the formation of a well-ordered and non-
continuous Au seed layer. This PVDF-AuNPs-NFMs is not conduc-
tive as verified by a multimeter. The AuNPs used have an average
diameter of 13 nm, as shown by the TEM image of Fig. 3a and addi-
tional SI Fig. S3. The thin and uniform AuNP layer serves as the
nucleation sites for the Au deposition via ELP. During ELP, as shown
in Fig. 2d1-d2, the AuNPs first grow into large nanoparticles, then
coalesce and finally form a continuous and complete Au layer with
residual AuNPs agglomerates on the fiber surface, in agreement
with previous literature.[31,40] As shown in Fig. 2a3-d3, we
observe no significant difference in the fiber diameter distribution
after the various deposition steps.

Using FIB milling, we obtain the cross section shown in Fig. 3b,
which highlights the efficient formation of core-shell gold-coated
structures in the cellular membranes. Through these images, we
estimate that the average Au layer thickness is circa 38 nm. Ele-
mental spectrum and elemental mapping of the surface and cross
section of the Au-PVDF-NFMs are given in Fig. 3¢, SI Fig. S4 and
SI Fig. S5. The mappings show a homogeneous and fully connected
Au distribution on the polymer fibers. The root-mean-square sur-
face roughness of gold coating in fiber is about 100 nm, further
confirming the conformal gold coating on PVDF nanofibers as
shown in the AFM topographic image and a high-resolution AFM
image (Fig. 3d and 3e). Despite gold deposition on both sides of
the membranes, the resulting Au-PVDF-NFMs retain a good mem-
brane flexibility, as shown in SI Fig. S6. Upon carrying out ELP
deposition at room temperature for 1 h, the resulting Au-PVDF-
NFMs have a low sheet resistance of 1.2 Q/sq. The conformal and
fully interconnected gold layer on the polymer nanofibers con-
tributes to the high conductivity of Au-PVDF-NFMs, rendering
them excellent candidates for flexible gas diffusion electrodes.

The crystalline structure and chemical state of AuNPs play vital
role in the potential application of conformally gold-coated PVDF-
NFMs. Fig. 4a shows the XRD patterns of PVDF-NFMs at different
stages of the Au deposition. No Au diffraction peaks are visible in
PVDF-NFMs and after pDA activation, while a diffraction peak at
38.2°, corresponding to the Au (111) plane, appears in the mem-
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(d)

Fig. 3. (a) TEM image of AuNPs capped by sodium citrate. (b) Cross-sectional SEM image of Au-PVDF-NFMs, high-resolution SEM image from the selected region and scheme
of the composition of each layer of an Au-PVDF nanofiber. The cross section was prepared by FIB milling. (c) Elemental mapping for Au, C, F and Cl in the same area imaged in
panel (b). (d) The topographic images of Au-PVDF-NFMs by AFM with the size of 15 pm x 15 pm. (f) High-resolution AFM image captured from the selected region in (d).

branes after Au seeding and grows strongly after the ELP step. In
this latter diffractogram, four additional weaker peaks are present
at 44.5° from Au (200), 64.6° from Au (220), 77.6° from Au (311)
and 81.7° from Au (222). These peaks are consistent with the
TEM results on AuNPs, given in Fig. 3a, which shows a crystalline

unit composed of two Au (200) and (220) planes, confirming the
polycrystalline nature of the seeds. Additionally, the much stronger
peak at 38.2° indicates a preferential growth of the Au layer along
the (111) plane during the ELP process. This result agrees with pre-
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vious literature reports of oriented layer growth during Au deposi-
tion by ELP.[31,49].

We also investigate the surface chemistry and oxidation state of
the Au-PVDF-NFMs via XPS. As shown in Fig. 4b, and additionally
in SI Fig. S7, Au-PVDF-NFMs present two peaks at binding energies
of 84.16 eV and 87.86 eV corresponding to Au4f;;; and Au 4fs),
bands, confirming the effective deposition of a metallic Au® layer.
[50] Additional peaks of the spectra with positive shift of 0.4 eV
are identified as Au (I), possibly due to the incomplete AuCly reduc-
tion by H,0,.

Conductive, flexible, and porous NFMs could find application as
sensors, gas diffusion electrodes, or in wearable electronics. For
such applications, relevant properties are conductivity, hydropho-
bicity (if in contact with an aqueous electrolyte), and gas perme-
ability. Thus, we use a hydrophobic PVDF-NFMs substrate for the
electrode. We first analyze the hydrophobicity of PVDF-NFMs
and Au-PVDF-NFMs by water contact angle (WCA), shown in
Fig. 4c. The PVDF-NFMs show a stable WCA of 102° with minor
decrease along the time, indicating strong hydrophobicity. How-
ever, as expected from the conformal and hydrophilic pDA and
Au coatings,[51] the final Au-PVDF-NFMs show a decrease of 2°
in WCA compared to PVDF-NFMs, which is also a little unstable
with the time. The hydrophobic microenvironment around the
interfaces of Au-PVDF-NFMs can efficiently prevent flooding of
the pores in the cellular membranes.

We then move on to study the gas permeability and pore size
distribution of the Au-PVDF-NFMs. The CO, pressure drop mea-
surements through a 15 pm Au-PVDF-NFM were carried out using
different CO, face velocities in the range of 10 to 100 cm-min~'. As
shown in Fig. 4d, the pressure drop linearly increases with increas-
ing CO, face velocity. For the Au-PVDF-NFMs, a pressure drop of
100 Pa (0.001 bar) at the velocity of 30 ml- min~' using for the
electrochemical CO, reduction is calculated based on a projected
area of 9.62 cm? and linear equation (y = 2.90 x + 91.44) across

the membrane. Using Darcy’s law[52] we obtain an intrinsic per-
meability of 1.275 x 107'* m? for CO,.This low gas resistance is
an advantage for applications such as gas diffusion electrodes.
We also investigate possible changes in the pore size distribution
of PVDF-NFMs and Au-PVDF-NFMs, i.e., before and after Au depo-
sition, using porosimetry. As shown in Fig. 4e, the mean pore size
is 1.9 + 0.24 pm and 1.7 + 0.56 pum before and after Au coating,
respectively, demonstrating the marginal influence of the Au layer
on the pore size. The abundant and interconnected pores in the Au-
PVDF-NFMs provide sufficient pathways for gas transport, render-
ing them excellent candidates as gas diffusion electrode.

Good mechanical properties facilitate scalable preparation of
the flexible and conductive membranes. We characterize the
mechanical properties of the Au-PVDF-NFMs with the tensile
strength testing setup schematized in SI Fig. S8. As shown in
Fig. 5a, the Au coating causes an increase in Young’'s modulus
and thus a partial loss of elasticity and reduced fiber elongation
compared to uncoated PVDF NFMs. The increased Young’s modulus
arises from the robust adhesion of the pDA interlayer that strongly
links the gold layer and the nanofibers. We also investigate the
resilience of the membranes to deformation stress, using the mem-
brane conductivity as an indicator for the stability of the metal
layer under stress. Fig. 5b shows that we are able to power an
LED lamp by flowing current from a battery through the Au-
PVDF-NFM under bending, twisting or stretching stress, indicating
stable conductivity under various deformations. To be more quan-
titative, we perform stretching and bending cycles on the Au-
PVDF-NFMs and monitor changes in resistance for signs of layer
instability using the DMA unit and home-made bending testing
unit, respectively. As seen in Fig. 5¢, 1000 stretching cycles at 2 %
strain cause a minor 20 % increase in resistance of the Au-PVDF-
NFM, measured along the longitudinal direction. The resistance
increase only takes place within the first 50 cycles, while the fibers
show a stable behavior (<5 % additional loss) afterwards, indicating
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that the conductivity loss is due to an initial adaptation of the con-
ductive layer to the applied stress. Concerning bending, Fig. 5d
shows that the resistance of Au-PVDF-NFMs does not obviously
change even after 1000 bending cycles from 0° to 180°. The
microstructural characteristics (conformal and interconnected
gold-coated fiber networks) and the strong adhesion from pDA
layer linking the metal layer and nanofibers endow Au-PVDF-
NFMs with a high resistance to various mechanical deformations,

leading to the remarkable conductive stability of Au-PVDF-NFMs.
Besides, the strong conjunction points formed by hot pressing con-
necting conductive nanofibers also boost the mechanical strength
and conductive stability as seen in Fig. S9.
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3.3. Electrochemical properties of Au-PVDF-NFMs

An efficient microstructural design is essential for several
potential applications. Au-PVDF-NFMs show excellent conductiv-
ity, moderate hydrophobicity, controllable porosity, and excellent
mechanical flexibility. Due to their above-mentioned merits, and
the known electrocatalytic activity of Au,[53] we apply Au-PVDF-
NFMs as gas diffusion electrode for electrochemical CO,R, specifi-
cally as cathodes. For the testing, the Au-PVDF-NFMs are laminated
on top of an anion exchange membrane to form a membrane elec-
trode assembly (MEA). A schematic of the fabricated MEAis
depicted in Fig. 6a. The 3D fiber networks improve diffusion mass
transport of gases to and from the electrode.An oversized IrOy
anode coated on a Ti gauze completes the electrochemical cycle
by oxidizing H,0 to O,. We start by performing cyclic voltammetry
(CV) of Au-PVDF-NFM GDEs exposed to Ar-saturated and CO,-
saturated environments. As shown in Fig. 6b, the GDEs show a
higher current density in CO,-saturated electrolytes, confirming
that the Au-PVDF-NFMs are active towards CO, reduction
(Fig. 6b). In the Ar-saturated environment, only the competing
hydrogen evolution reaction (HER) takes place. We evaluated the
catalytic performance of Au-PVDF-NFM GDEs by constant potential

Materials & Design 225 (2023) 111441

experiments between —0.5 to —1 V vs RHE, coupled with gas anal-
ysis of the products. As shown in Fig. 6¢, the GDEs yield substantial
amounts of CO as a CO, reduction product, with a maximum FEco-
~ 85 % at —0.7 V vs RHE. The remaining FE is accounted for by the
HER producing H, gas. As shown in Fig. 6d, the Au-PVDF-NFM
GDEs are able to achieve a high current density of 100 mA cm 2
at —0.95 V vs RHE, possibly due to the improved diffusion mass
transport and resultant extended active surface area. Lastly, we
systematically characterize the variations in surface morphology,
hydrophobicity and chemical state of our Au-PVDF-NFMs after
the electrode is operated at —0.7 V for 1 h (Fig. Ge, f, h). We find
that Au-PVDF-NFMs remain unchanged in physical properties,
demonstrating an excellent structural stability. For better perfor-
mance in the electrochemical reduction of CO,, a balance between
gas and liquid in the GDEs during the electrolysis is also crucial. If
the electrode becomes hydrophilic, the pores in the catalyst layer
will be blocked by the electrolytes, which will suppress the gas-
eous CO; close to catalyst and lead to a decline of the reaction rate.
The differential pressure across the interface between the liquid
and gas is determined using the Young-Laplace equation [54]:

Pjiguia — Pgas = 20 sin(0 — 90°)/r, where G is the surface tension of
0.1 M KHCOs electrolytes (assuming the same as water, 72 mN
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Fig. 6. (a) Schematic representation of the Au-PVDF-NFMs as gas diffusion electrode system studied in this work. (b) CV of the Au-PVDF-NFMs under CO, or Ar gas flow. (c)
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m~1), 0 is the contact angle of electrolytes on the Au-PVDF-NFMs
and r is the pore radius. Based on above equation, a greater
hydrophobicity and a smaller pore will generate a higher pressure
for liquid to enter the pore and suppress flooding. As plotted in
Fig. 6h, the differential pressure of our Au-PVDF-NFMs with a
thickness of 15 pm is so low that easily resulting in the flooding
of electrolytes.

These preliminary results indicate a potential application of
these conformally coated NFMs as gas diffusion electrodes for elec-
trocatalytic reactions. Nonetheless, the GDEs hydrophobicity is
only moderate, leading to flooding and reduced stability during
electrochemical experiments, and presenting a clear drawback.
Additionally, electro-wetting of the catalyst layer upon application
of a negative voltage can further accelerate the flooding.[55] There-
fore, further work addressing water management, for example by
acting on the pore size of the Au-PVDF-NFMs or by adding polyte-
trafluoroethylene particles will be essential to create a stable and
hydrophobic microenvironment for efficient CO, electrolysis.[56].

4. Conclusions

In this work, we develop a facile, flexible, and scalable method
for the preparation of novel conductive and cellular membranes by
fabricating conformally coated gold layers on the hydrophobic
electrospun PVDF fibers via electroless plating. Porous electrospun
PVDF NFMs are activated with a pDA layer, deposited with a seed-
ing layer of Au NPs and finally coated by electroless plating with a
conformal, uniform Au layer of 38 nm thickness. The success of the
3D conformal deposition, as well as the high quality and stability of
the Au layer is confirmed by systematic structural, microstructural,
and electrical analyses. In particular, the high-conjunction gold
coating yields a low membrane sheet resistance of 1.2 Q/sq and
an excellent mechanical durability under stretching and bending,
with negligible resistance increase after 1000 test cycles. In con-
trast with other methods, the use of electrospinning yields sub-
strates that are potentially scalable and microstructurally
controllable, while the metal deposition achieves a three-
dimensional, conformal coating on hydrophobic and nonplanar
substrates, with no plasma treatment and no metal agglomeration,
requiring only environmentally friendly reagents. Additionally, the
strong adhesion between pDA and Au layer makes the coating
layer more stable resisting deformation. Moreover, comparing with
other previous work, the conformal and high-conjunction Au layer
in the thinner thickness makes them more conductive.

With the efficient microstructure design, the samples are
demonstrated to have practical suitability as GDEs for CO,R show-
ing a Faradaic efficiency towards CO ~ 85 % at —0.7 V vs RHE, and a
high current density of 100 mA/cm? at —0.95 V vs RHE. Future
directions of interest for this and other applications could consider
changes in the AuNPs shape to control the final Au layer crystalline
structure, variation in polymer chemistry and substrate
microstructure to tune the mechanical properties, hydrophobicity
and gas permeability of the membranes, as well as the use of
hydrophilic and/or conductive substrates for the electroless
deposition.
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