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Here, the authors report on the preparation of core–shell carbon-ceramic fibrous as well as ceramic

tubular catalyst supports utilizing electrospinning and atomic layer deposition (ALD). In this paper,

ALD of Ti-Nb-O thin films using TiCl4, Nb(OEt)5, and H2O as precursors is demonstrated.

According to the time-of-flight-elastic recoil detection analysis and Rutherford backscattering spec-

trometry, carbon and hydrogen impurities were relatively low, but depend on the pulsing ratio of

the precursors. Optimized ALD process was used for coating of sacrificial electrospun polyvinyl

alcohol (PVA) template fibers to yield tubular Ti-Nb-O structures after thermal or solution based

PVA removal. Another approach utilized 200–400 nm thick carbon fibers prepared by electrospin-

ning from polyacrylonitrile and subsequent thermal treatment. Published by the AVS.
https://doi.org/10.1116/1.4999826

I. INTRODUCTION

Electrocatalyst support materials for proton-exchange

membrane (PEM) fuel cells require high electronic conduc-

tivity, high specific surface area, and high stability.

Conventional support structures typically consist of Pt par-

ticles on carbon black. However, the use of carbon without a

protective layer is limited at high cell potentials due to oxi-

dative corrosion. Several studies on PEM fuel cell research

have been carried out to tackle the corrosion issues based on

either developing new noncarbon catalyst support materials

or modifying the existing carbon supports.1 Alternative

materials such as carbon nanotubes,2 ITO,3 metal carbides,4

SnO2,5,6 ZrO2,7 Nb2O5,8,9 TiO2,10,11 and Nb-TiO2 (Ref. 12)

have been studied as support materials. The second approach

is to improve the existing carbon support materials against

corrosion by using dopants such as nitrogen,13 WC,14 and

MnO2 (Ref. 15) on carbon matrix. Only recently, carbon

supports are being modified by the preparation of core–shell

structures of Pt/NbO2/CNT by sputtering.16 Also, liquid

phase methods are applied to coat CNT bundles by SnO2.17

Atomic layer deposition (ALD) is a variant of conven-

tional chemical vapor deposition method in which the reac-

tive precursors are supplied sequentially. ALD is especially

suitable for the preparation of nanoscale materials on the

three-dimensional structures where exact film conformality

is needed. A variety of ALD materials have also been previ-

ously deposited onto the carbon substrates and carbon nano-

tubes.18 Since sp2-hybridized carbon materials such as

CNTs, graphene, and HOPG are relatively inert compared to

the conventional hydroxide terminated substrates, function-

alization prior deposition is often needed to obtain smooth

films. Different noncovalent and covalent approaches have

been developed in order to obtain smooth films. However,

defects and surface sites on carbon fibers and carbon nanotube

surfaces enable direct deposition without any pretreatment.

Here, we have been using ALD for conformal protective

layers on electrospun high surface area carbon fiber webs.

The selection of coating was determined by the fact that the

protective layer should not increase the resistivity higher

than commercial Vulcan carbon, which has conductivity

around 4 S cm�1. In general, many oxide membrane elec-

trode assemblies (MEAs) offer improved electrochemical

and thermal stabilities but have insufficient electrical con-

ductivity. For example, TiO2 fibers have been tested for

MEA structures, but the resistivity is too high for PEM

MEAs, being 0.132 and 0.124 S cm�1 for anatase and rutile,

respectively. A significant increase in film conductivity has

also been observed with ALD deposited Ti-Nb-O compared

to the TiO2 alone. Planar ALD films deposited from

Ti(OMe)4, Nb(OEt)5, and H2O can be crystallized by form-

ing gas annealing and converting them from nearly insulat-

ing films to relatively well conducting with resistivities

around 2–10 mX cm.19 Oxide layer providing protection for

carbon fibers is also beneficial acting as tie-layer for subse-

quent platinum deposition using ALD methods.20

In this paper, we report on the ALD of Ti-Nb-O thin films

to be used as a tie-layer in the PEM fuel cell catalyst carrier.

This is done by using a slightly different precursor combina-

tion that was reported earlier by using TiCl4, Nb(OEt)5, and

H2O as precursors. We made initial depositions onto silicon

and borosilicate glass reference surfaces and then transferred

the ALD process on two types of electrospun fibers: carbon-

ized fibers for the production of core–shell structures and sac-

rificial template fiber for the production of tubular structures.

II. EXPERIMENT

In our study, Ti-Nb-O films were deposited by ALD tech-

nique by using Nb(OEt)5 and TiCl4 and H2O as precursors.a)Electronic mail: matti.putkonen@vtt.fi
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In the first stage, the films were deposited onto reference

(100) silicon and borosilicate glass (Duran) in order to study

the growth process and film properties and later on to high

surface area electrospun webs. ALDs were carried out by

using Picosun R-200 ALD tool set up for the single wafer

depositions. The deposition temperature was kept constant at

175 �C. Nb(OEt)5 was evaporated from Picohot 300 hot

source at 130–140 �C. TiCl4 was kept at 18 �C for sufficient

vapor pressure to obtain surface saturation during precursor

pulsing. In order to study the effect of Nb:Ti precursor ratio

on the film composition and conductivity, sample series with

a varied precursor pulsing ratio were deposited.

The deposited films were analyzed first by using a ellips-

ometer in order to determine the film’s growth rate, unifor-

mity, and refractive index (Sentech 400 ADV @ 587 nm).

The composition of the selected thin film samples on silicon

substrates was determined using time-of-flight-elastic recoil

detection analysis (TOF-ERDA).21,22 In this method, a heavy

11.9 MeV 63Cu6þ ion beam is directed to the sample and the

time of flight (velocity) and energy of recoiled sample atoms

are measured with a detector telescope at 41� to the beam

direction. Independent measurement of the velocity and

energy of recoil atoms allows them to be differentiated

according to their mass. The elemental depth profiles were

determined by means of known geometry, elastic scattering

cross-sections, and stopping forces.23 The chlorine content

of the selected thin film samples was determined using

Rutherford backscattering spectrometry (RBS) with a 2 MeV
4Heþ ion beam backscattered at 165�. The 2 mm diameter

beam was incident at 7� to the sample surface normal. The

SIMNRA simulation program24 was used to obtain the elemen-

tal ratios by comparison of simulated and experimental RBS

spectra.

Two different approaches were tested in order to make

high surface area support structures. Schematics of the pro-

cess flow are presented in Fig. 1. First, the tubular structures

are produced via the “tubes-using-fiber-templates” (TUFT)

method25 consisting of three stages. For the production of

sacrificial template fibers, two polyvinyl alcohol (PVA)

grades, PVAHigh from Merck (Mw 200 000, partly hydro-

lyzed>85%) and PVALow from Aldrich (Mw 10 000, partly

hydrolyzed 80%), were first mixed and then used for electro-

spinning. Typical electrospinning parameters and obtained

fiber diameters are listed in Table I. These fibers were col-

lected as sheets, which were then ALD coated with Ti-Nb-

Ox. Tubular structures were obtained either by the removal

of polymer by thermal treatment or by dissolution to obtain

nanostructural tubes. The coated fibers were immersed into

100 �C water for 0.5–3 h in order to dissolve PVA. The tubes

were then heat-treated in order to obtain a conductive sup-

port material.

The second approach is based on the electrospinning of

polyacrylonitrile (PAN) (Mw� 200 000, from Good Fellow).

Self-sustaining sheets were collected, and PAN sheets were sta-

bilized at 260–270 �C and carbonized at 1500 �C; for more

details, see Ref. 20. After carbonization, optimized ALD pro-

cess was used to coat carbon webs with dimensions �200

� 100 mm2 in a stop-flow mode. After Ti-Nb-O film deposi-

tion, coated webs were annealed at 700 �C in forming gas (4%

H2 in Ar) for 30 min in order to crystallize films and obtain

conductive phase. Conductivity was measured by using four-

point resistance measurements by an in-house developed probe.

X-ray diffraction (XRD) device PANalytical X’Pert Powder

PIXcel1D was used to examine the crystal structure of the sup-

port material both before and after annealing. SEM imaging of

sheets with JEOL JSM 6360LV and Zeiss Merlin FEG-SEM

was done for determining the fiber structure and fiber diame-

ters. The fiber diameters were determined from the SEM

images by calculating an average of at least 50 single fiber

diameters measured using ISOLUTION LITE or IMAGE J (Ref. 26)

programs.

III. RESULTS AND DISCUSSION

Previously, Nb2O5 has been deposited by ALD using

mainly either NbCl5 (Refs. 27 and 28) or Nb(OEt)5 (Ref. 29)

FIG. 1. Schematic overview of the catalyst support preparation by using elec-

trospinning and ALD.

TABLE I. Experimental details of fiber preparation.

Process

Electrospinning

solution

Electrospinning

setup

Electrospinning parameters

(voltage, distance, nozzle size,

and feed flow)

Typical fiber

(diameters/nm)

PAN for carbon fibers 6.6–7 wt. % in

N,N-dimethylformamide

Eltex KNH64; rotating

collector with moving nozzle

12–15 kV; 10–15 cm; 17 G;

0.7 ml/h

PAN 160–440 nm, stab.

200–270 nm, carbon

160–200 nm

Sacrificial PVA for

tubular structure

7 wt. % in H2O Simco CM5-30P 23 kV; 13 cm; 19 G PVA 1 ¼ 360 6 70 nm
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as a metal precursor. NbCl5 is having a tendency to etch

Nb2O5 (Ref. 28) leading to nonuniform films so most of the

reported processes are relying on Nb(OEt)5 as like previ-

ously published process for Ti-Nb-O.19 In that report, Ti(O-

Me)4 was used as titanium precursor instead of common

TiCl4 in order to avoid HCl formation and possible film con-

tamination. Our target was to be prepared for scaling of the

Ti-Nb-O processes for industrial size high surface area sub-

strates, so the use of TiCl4 as a precursor was evaluated since

it has been also previously used successfully for industrial-

scale ALD processes.30

It is known that evaporation temperatures of 130–140 �C
are sufficient to provide surface saturation during film

growth with binary Nb2O5 deposition rate of 0.38 Å/cycle.

Since purging times were kept constant at 5 s, CVD type

growth was observed when evaporation temperature was

over 155 �C indicating excess precursor dose (Fig. 2). For

the following depositions, Nb(OEt)5 temperature was kept at

135 �C. In the next set of experiments, TiCl4þH2O cycle

was combined with Nb(OEt)5þH2O process. ALD type

growth was verified by using TiCl4þH2O: Nb(OEt)5þH2O

ratio of 2:1 and increasing the TiCl4 pulse length (Fig. 3).

The deposition rate was dependent on the metal precursor

pulsing ratio. Deposition rates for binary TiO2 and Nb2O5

were 0.5 and 0.38 Å/cycle, respectively. When mixed oxides

were deposited, a decrease in the overall growth rate was

observed (Fig. 4), the deposition rate being lowest of

around 65% when calculated from binary oxide deposition

rates. The change in the growth rate is a typical phenome-

non for ternary oxide materials deposited by ALD often

explained by etching31 or different amount of reactive sites

compared to the binary films.32 Ti-Nb-O film composition

was linearly dependent on the pulsing ratio of the metal

precursors. Obtained composition at the very low Nb:Ti

pulsing ratios (<1:10) seems to produce niobium deficient

films as compared to the values what linear dependency

suggests (Fig. 5). According to TOF-ERDA measurements,

hydrogen, carbon, and chlorine were observed as main

impurities. Especially, hydrogen content was dependent on

the pulsing ratio of the precursors, and increased hydrogen

content was observed on the Nd rich films most probably

originating from niobium ethoxide precursor (Fig. 6). The

refractive index of the deposited films was almost linearly

dependent on the pulsing ratio of the precursors. However,

it was seen that there was some variation in the refractive

index of deposited films along the precursor flow direction.

Compositional difference is most likely due to the differ-

ence in the TiCl4/H2O process deposition rate between

trailing and leading edge. This is most likely due to the

released HCl reacting again with the surface and thus

blocking subsequent TiCl4 adsorption and leading to

decreased deposition rate at the downstream.33

FIG. 2. Nb2O5 film deposition rate and film uniformity as a function of

Nb(OEt)5 evaporation temperature.

FIG. 3. Ti-Nb-O film thickness and uniformity as a function of TiCl4 pulse

time. Ti:Nb pulse ratio was 2:1 with 800 deposition cycles.

FIG. 4. Ti-Nb-O deposition rate as a function precursor pulsing ratio. Pulsing

ratios of 0% and 100% represent deposition rates of 0.5 and 0.38 Å/cycle for

binary TiO2 and Nb2O5 at 175 �C, respectively.

FIG. 5. Ti-Nb-O film composition as a function of precursor pulsing ratio at

175 �C.
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Ti-Nb-oxide layers were deposited onto carbon and PVA

fibers with optimized pulsing and stop-flow parameters.

Since the surface area of the electrospun fibers is signifi-

cantly higher than the flat Si wafers used in the preliminary

process evaluation, an additional stop-flow sequence was

added to the deposition sequence in order to increase the pre-

cursor residence time and diffusion between the fibers. Stop-

flow times between 2 and 10 s and purge times between 10

and 20 s were evaluated. It seems that the difference in the

refractive index between the different sample locations

decreased when at least 4.5 s stop flow time was used. A fur-

ther increase in the dwell time was not improving the unifor-

mity, and so further process evaluation was carried out by

moderate length of stop-flow times between 4.5 and 6 s. It

was noticed that electrospun PVA fiber mats shrank during

ALD treatment leading to broken/cracked samples.

Depending on the PVA composition even at 10% shrinkage

was observed. Further studies indicated that thermal treat-

ment at 60 �C or above at ambient atmosphere resulted in an

increase in fiber thickness to roughly 5%–10% leading to the

whole mat dimension changes.

The thermal treatment for the removal of polymer and

annealing of Ti-Nb-O coating as in one process step was first

carried out using thermogravimetric analysis and Ti-Nb-ratio

10:1, thickness around 50 nm, on PVA 1¼ 360 6 70 nm).

TG analyses were carried out in two atmosphere: air was

used for checking the complete removal of PVA by oxida-

tion and 4%H2þAr was used for removing PVA by thermal

decomposition together with crystallization of Ti-Nb-O. The

residual weight of the Ti-Nb-O was around 50–60 wt. %

regardless of the annealing gas atmosphere (Fig. 7). The

material broke down into small flakes, and thus proving that

large-area tubular webs cannot be obtained. However, tubu-

lar structures with grain boundaries of crystalline Ti-Nb-O

can be obtained, as shown in Fig. 8. According to XRD, a

wide variety of crystal phases was found from these samples.

Instead of TiO2, the composition of Ti3O5 was identified, in

FIG. 6. Impurity levels in Ti-Nb-O thin films measured by TOF-ERDA.
FIG. 7. TG analysis of PVA coated with Ti-Nb-O. The heating rate was

10 �C/min, and isotherms for air and 4%H2þAr were 10 min at 1000 �C and

2 h at 700 �C, respectively.

FIG. 8. Tubular support produced by thermal treatment of Ti-Nb-oxide coated PVA fibers after PVA removal (a)–(d).
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addition to niobium oxide, Nb8.2O21, and titanium niobium

oxide, Ti0.5Nb0.5O2.

In addition to thermal removal, several different dissolv-

ing conditions were evaluated for different PVA ratios to

tubular Ti-Nb-O structures. Different PVA thicknesses were

electrospun, followed by ALD of Ti-Nb-O. Dissolving of

PVA from the ALD treated samples was tested with different

temperatures between 60 and 100 �C for 30 min. Sheets of

PVA fibers with Ti-Nb-oxide was broken into flakes during

PVA removal, regardless of the temperature or ramping time

used. Dissolution of Ti-Nb-oxide coated PVA fibers had

slight surface patterning on the tube walls (Fig. 9). In our

earlier work, we have obtained coral-like complex tube walls

using PVA template fibers with Al2O3 coatings and dissolu-

tion for template removing,34 but this type of behavior was

not observed.

Further studies were concentrated on the ALD onto car-

bon fibers since the tubular Ti-Nb-O structures were too

fragile to produce conductive sheets of support materials.

Therefore, ALD studies were concentrated onto depositions

to carbonized sheets with thicknesses ranging from 10 to

30 lm. Although the core–shell carbon oxide fiber sheets

were more fragile than the uncoated carbon sheets, they frac-

tured easily and, e.g., tensile test of the sheets was not possi-

ble, they still remained in the sheet form, thus enabling

further treatments, e.g., thermal treatments and ALD of Pt.

The appearance of uncoated and coated fibers is shown in

Fig. 10. The as-deposited films had smooth texture whereas

the crystal grains and larger structures were visible in the

annealed fibers. Once Nb:Ti ratio was changed from 0:1 to

1:1, the increased Nb-content shifted the d-value of (101)

peak from 3.50 to 3.55. The evolution of the crystalline

structure can be seen in the SEM images in Fig. 10. Two

dimensional, flat crystalline grains are visible when the

thickness of the film is around 30 nm, while in other images

[Figs. 10(c) and 10(d)], grainy structure is clearly visible

from samples with a film thickness around 70 nm. The

increase in the grain growth during annealing might be

linked to previously reported rapidly proceeding crystalliza-

tion of Ti-Nb-O films.19

XRD measurements were performed for as-deposited

and annealed Ti-Nb-O films on fibrous samples. The

FIG. 9. SEM figures of electrospun PVAHigh:PVALow 1:1 (14.4% solids) (a) and PVAHigh:PVALow 2:1 (11.9% solids) (b) after Ti-Nb-O ALD and dilution in

80 �C for 30 min.

FIG. 10. Annealed carbon-ceramic core shell fiber with a 30 nm Ti-Nb-O [(a), (b)] and 70 nm [(c), (d)] thick coating.
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as-deposited films were already slightly crystalline (Fig. 11).

It can be seen that the small intensity (101) anatase type

TiO2 was observed as a preferred orientation for samples

with low niobium content. On Nb-rich samples, Ti0.5Nb0.5O2

and Nb2O5 can also be identified when the Nb:Ti pulsing

ratio is 1:1 or 2:1. Annealing under forming gas at 700 �C
increased the film crystallinity. After annealing, however,

crystalline Nb2O5 was not found even from Nb rich sample

deposited with 1:1 Ti:Nb ratio. TiO2 anatase (101) peak was

the most intense whereas peaks originating from

Ti0.5Nb0.5O2 and Nb2O5 almost disappears, indicating solid

state reaction with TiO2. Crystallization of ALD films as

function of annealing temperature was studied by in situ
high temperature XRD. In these measurements, the films

were annealed and XRD measurements were repeatedly car-

ried out up to 900 �C. It was found that precursor pulsing

ratios affects the obtained crystal structures and the tempera-

ture where crystallization increased (Figs. 12 and 13). An

increase in crystallization onset of samples with low niobium

content is observed at around 375 �C whereas samples with

1:1 Ti:Nb pulsing ratio required 650 �C for crystallinity to

increase.

Conductivities of core–shell fiber sheets play a critical

role when these types of structures are being considered as

electrocatalyst support materials. Carbon itself has a rela-

tively good conductivity of around 5–20 S cm�1,35 but the

protective oxide layer must be conductive as well to meet

the PEM fuel cell requirements of 10�2 S/cm.36 In-plane

conductivities of the ALD Ti-Nb-O on reference borosilicate

glass as well as on carbon fiber sheets were measured by a

four-point probe with barrel-type probes having a relatively

large curvature of contact point with 5 mm distance between

the probes.20 The determination of conductivity of Ti-Nb-

oxide coating with this set-up was proven challenging, as

can be seen from large variation between measurements.

However, as expected, as deposited Ti-Nb-O was insulating

but annealing at 700 �C in forming gas turned oxide materi-

als conducting. According to the four-point probe measure-

ments conductivities were at the same level that of the

uncoated carbon fiber sheets (Table II). The highest conduc-

tivities on insulating borosilicate glass seems to be obtained

from samples having Ti:Nb pulsing ratios of 5:1 or greater.

FIG. 11. X-ray diffraction patterns of annealed Ti-Nb-O films as a function

of Ti:Nb precursor pulsing ratio.

FIG. 12. d-value of anatase (101) reflection as a function of precursor pulsing

ratio.

FIG. 13. (Color online) In situ XRD on Ti-Nb-O film from room temperature

up to 900 �C.

TABLE II. Conductivities of annealed ALD layer on carbon fiber sheets and

reference borosilicate.

Ti-Nb pulsing

ratio

Thickness

(nm)

Conductivity on

carbon (S/cm)

Conductivity on

borosilicate (S/cm)

10:1 77 4.6–5 3.7–52

5:1 61 — 1–2.3

3:1 47 — 0.6–1

2:1 45 14–18 0.5–0.9

1:1 54 17–20 0.2–0.4

1:2 67 11–14 0.2
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IV. CONCLUSIONS

Ti-Nb oxide layers have been successfully deposited onto

carbonized and polymeric electrospun fibers for the prepara-

tion of core–shell fibrous and tubular structures. Annealed

carbon core, oxide shell fiber mats remained in their sheet

form and had similar conductivity as the support carbon

without the oxide layer. The tubular structure obtained from

annealing of polymer core, oxide shell materials produced

flakes composing of tubular materials since PVA polymer

was pyrolyzed during the annealing process. The demon-

strated preparation routes for the core–shell carbon fiber

mats and tubular Ti-Nb-O flakes provide interesting route

for subsequent platinum deposition and possible applications

as support structures for catalyst applications in fuel cells.
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