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       Among current endeavors to explore renewable energy technol-
ogies, photoelectrochemical (PEC) water splitting holds great 
promise for conversion of solar energy to chemical energy. [  1–4  ]  
Light absorption, charge separation, and appropriate interfacial 
redox reactions are three key aspects that lead to highly effi cient 
solar energy conversion. [  5–10  ]  Therefore, development of high-
performance PEC electrodes has been concentrated largely on 
engineering the band structure of photoanodes, enlarging semi-
conductor-electrolyte interfacial area, and enabling rapid charge 
separation, collection, and transportation. [  11,12  ]  High porosity 
three dimensional (3D) nanostructures, such as branched 
nanowire architectures and nanofi ber networks, offer extremely 
large surface area, excellent charge transport properties, as well 
as long optical paths for effi cient light absorption. As a result, 
3D nanostructures are the current focus of a tremendous surge 
of interest in PEC photoanode development. [  10,13  ]  

 Among all nanostructured 3D morphologies, natural cellu-
lose-based nanomaterials such as cellulose nanofi bers (CNFs) 
have been attracting increasing attention in nanomanufac-
turing owing to their great abundance, low-cost, degradability 
and bio-compatibility. [  14–17  ]  CNFs are composed of elementary 
cellulose fi brils that are extracted directly from natural plant 
resources. They exhibit comparable mechanical properties (e.g., 
tensile strength and Young’s modulus) as other broadly-used 
engineering materials such as carbon fi bers and glass fi bers. [  18  ]  
CNFs also demonstrate great adsorbability in both hydrophilic 
and hydrophobic materials. [  19  ]  Thus, CNFs are considered as 
an excellent template for creating functional, fi brous 3D nano-
structures that possess extremely large porosity, such as silver 
fi ber networks, [  20  ]  nanotubular ITO sheets, [  21  ]  and porous TiO 2 , 
ZnO and alumina nanostructures. [  22–26  ]  These CNF-templated 
nanostructures are very promising for the development of 
energy harvesting and storage devices. For example, nanostruc-
tured networks of cellulose-graphite platelet composites were 
applied as Li-ion battery anodes and exhibited excellent fl ex-
ibility and good cycling performance. [  27  ]  Cellulose nanofi ber-
supported polyaniline nanocomposites showed an improved 

mass-specifi c capacitance in supercapacitor applications. [  28  ]  
Cellulose fi ber templates were also utilized in preparing hollow 
TiO 2  nanofi bers as dye-sensitized solar cells (DSSCs) demon-
strating signifi cantly enhanced electron transport properties. [  29  ]  
The successful application explorations of CNF-templated 
nanostructures suggest that the performance of PEC photo-
anodes might also be improved through this approach due to 
their similar charge transport and surface area requirements. 
In this paper, 3D fi brous TiO 2  nanotube architecture was syn-
thesized by atomic layer deposition (ALD) of TiO 2  fi lms over 
CNF templates. Due to the excellent hydrophilic properties of 
CNF fi lms, a capillary PEC setup was developed to perform 
water splitting reactions outside of the electrolyte body, where 
electrolyte was supplied through nano/micro-channels in the 
CNF fi lm driven by capillary force. Enhanced reaction kinetics 
and higher effi ciency were observed from the capillary PEC 
process. In addition, modifi cation of the calcination atmos-
phere can be used to engineer the chemical compounds of TiO 2  
nanofi bers and enable visible light photoactivity. 

 The CNF fi lms were fabricated at wafer-scale via freeze-drying 
approach as shown in the inset of  Figure   1 a. Scanning electron 
microscopy (SEM) revealed a highly-porous network structure 
composed of dense CNFs (Figure  1 a). The fi brous nanostruc-
ture was well preserved after 150 ºC ALD of TiO 2  thin fi lm con-
formal coating, yielding an overall fi ber diameter of  ∼ 100 nm 
(Figure  1 b). The amorphous TiO 2  coating was then crystallized 
by annealing the sample at 600 ºC for 24 hours under con-
trolled conditions (see experimental section for details). The 
annealing treatment crystalized the amorphous TiO 2  coating as 
well as burned away the CNF templates. It is noteworthy that 
the fi brous 3D network structure was very stable during the vig-
orous heat treatment and no obvious dimension or morphology 
change could be observed (Figure  1 c), except that the core-shell 
fi bers were converted into TiO 2  nanotubes (inset of Figure  1 c).  

 The crystal structure of CNF-templated TiO 2  nanotubes 
were further investigated by transmission electron micros-
copy (TEM). Low-magnifi cation TEM images clearly dem-
onstrated the tubular TiO 2  nanostructure after annealing 
(Figure  1 d). Thickness of the TiO 2  layer was identifi ed to be 
25–30 nm which was consistent with the 350 cycles of ALD 
(Figure  1 e). The TiO 2  nanotubes are polycrystalline with a fairly 
large single-crystalline domain ( ∼ 20–50 nm in one dimension). 
High-resolution TEM (HRTEM) revealed a single-crystalline 
domain region obtained from the TiO 2  nanotube. The crystal 
lattice spacing and the diffraction pattern from fast Fourier 
transform (FFT) suggest the anatase phase of the TiO 2  nano-
tubes. Powder X-ray diffraction (XRD) further confi rmed the 
pure anatase TiO 2  phases after 24 hours annealing treatment 
(Figure S1, Supporting Information). 
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 The PEC performance of the CNF-templated TiO 2  nanotube 
network and the unique capability of CNF in PEC cell develop-
ment were investigated using an out-of-electrolyte capillary PEC 
system, as schematically shown in  Figure   2 a. The active TiO 2  
nanotube photoanode was placed on a conductive substrate and 
covered by epoxy, leaving an exposed area at the center. The 
photoanode bottom was in contact with a CNF fi lm strip that 
was used to draw and transport electrolyte to the TiO 2  photo-
anode surface. The entire testing setup is shown in Figure S2. 
In this PEC design, the photoanode was placed outside of the 
electrolyte surface. Due to the excellent hydrophilic property 

of CNF, capillary force could drive the electrolyte to the active 
area quickly and continuously. Enhanced PEC reaction kinetics 
could be expected from the dynamic and infi nitesimal electro-
lyte supply.  

 To investigate the performance of this capillary PEC design, 
the photocurrent density ( J  ph ) versus bias potential character-
istics of both capillary PEC and conventional in-electrolyte 
PEC setups were measured under the same conditions. The 
representative  J–V  curves are shown in Figure  2 b and c under 
the illumination of 100 W cm −2  Xe lamp source without and 
with AM 1.5G fi lter, respectively. The dark current densities 

      Figure 1.  Morphology and structure of CNF fi lms and templated TiO 2  nanotube structures. (a) CNF fi lm processed on a FTO substrate; inset is a single 
piece of CNF fi lm fabricated in large scale. (b) CNFs coated with TiO 2  via 350 cycles ALD at 150 ºC. (c) Fibrous TiO 2  nanotube network after annealing 
at 600 ºC for 24 hours; inset shows an enlarged broken tip revealing the hollow tubular structure. (d) TEM image of a hollow TiO 2  nanotube obtained 
after annealing. (e) Higher resolution TEM image showing the uniform thickness of TiO 2  walls and large crystalline domain area. (f) HRTEM image 
showing the single-crystal region obtained from the TiO 2  shell. The lattice spacing and FFT (inset) suggest the anatase phase. 

      Figure 2.  Capillary PEC water splitting setup and performance. (a) Schematic illustration of the capillary PEC setup. (b,c)  J–V  characteristics of a 
cellulose-templated TiO 2  photoanode measured using capillary setup and in-electrolyte setup under 100 mW cm −2  Xe lamp source without (b) and 
with (c) AM 1.5G fi lter. 
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 Secondly, by performing  J–V  measurement under inter-
rupted illumination, we found the reaction kinetics were 
slightly enhanced in the capillary PEC design.  Figures   3 a and 
b compare the  J–V  curves of the same TiO 2  fi brous photoanode 
collected from capillary and in-electrolyte setups under inter-
rupted 100 mW cm −2  Xe lamp illumination. Both dark currents 
were negligibly low while the  J  ph  profi les followed a similar 
trace as those shown in Figure  2 b. For in-electrolyte setup, the 
emblematical anodic current spike was obvious at the point 
when the illumination was on (Figure  3 a and inset); whereas 
from the capillary PEC setup, such spikes were less distinguish-
able (Figure  3 b and inset). These current spikes are known by 
evidence of accumulated photoexcited holes at the semicon-
ductor-electrolytes interface. [  33  ]  They are a result of carrier oxi-
dized trap states of the semiconductor, [  34  ]  or slow oxygen evolu-
tion reaction kinetics. [  35,36  ]  Such spikes can be suppressed when 
photoexcited holes experience less or no barrier to oxidizing the 
electrolyte under better interface charge transport kinetics.  

of both setups remained at small values (<10 −4  mA cm −2 ) 
within bias potentials scanned between −1.2 V and 0.5 V (vs. 
SCE) demonstrating a high quality of the crystal surfaces of 
fi brous TiO 2  nanotubes. Generally,  J  ph  was signifi cantly higher 
under Xe lamp than that under AM 1.5G fi lter (e.g., 0.87 vs. 
0.10 mA cm −2 ), because a large amount of UV light was cut off 
by the fi lter. This phenomenon suggests that the performance 
of fi brous anatase TiO 2  nanotubes photoanode was dominated 
by UV absorption. Under Xe lamp illumination, as shown in 
Figure  2 b,  J  ph  measured from the capillary PEC setup ( J  ph,ex , 
blue curve) was more than twice as much as that from the in-
electrolyte setup ( J  ph,in , red curve). Corresponding effi ciencies 
were estimated using following equation:

0% = J ph(E 0
r ev − | Ebias − Eaoc |)

100

I0   
(1)

       

 where  E bias   is the bias potential; E 0
r ev    =  1.23 V is the standard 

state reversible potential for water-splitting reaction; and 
 E aoc    =   V oc   is the open circuit voltage (vs. SCE). The capillary 
setup exhibited a maximum effi ciency of 0.45% at  ∼ −0.65 V; 
whereas the in-electrolyte setup had only a maximum effi ciency 
of 0.16% at  ∼ −0.45 V (Figure S3a). When AM 1.5G illumination 
was applied, both  J  ph,ex  and  J  ph,in  were signifi cantly decreased. 
Although  J  ph,ex  was still higher than  J  ph,in , their difference 
became much smaller (Figure  2 c). Following Equation  (1) , the 
maximum effi ciencies of capillary and in-electrolyte PEC pro-
cesses were found to be 0.04% at  ∼ −0.45 V and 0.03% at  ∼ −0.35 
V, respectively (Figure S3b). Meanwhile, the saturation regions 
of both curves were less obvious, indicating the lower UV inten-
sity may not generate suffi cient electrons/holes to saturate the 
surface or defect trapping states, which facilitated the recombi-
nation of photoexcited electrons and holes. [  30–32  ]  

 The stability of the cellulose-temperature TiO 2  3D fi brous 
photoanode and the capillary PEC confi guration was further 
evaluated by measuring  J  ph  at a constant bias of 0.3 V (vs. SCE) 
under 100 mW cm −2  Xe lamp illumination. After an initial drop 
of 1.4% ( J  ph  changed from 0.73 to 0.72 mA cm −2 ) during the 
fi rst 60 minutes,  J  ph  remained at 0.72 mA cm −2  for 12 hours 
without appreciable further decrease (Figure S4). This measure-
ment confi rms good structural and functional stability of the 
TiO 2  photoanode. It also suggests that the capillary PEC design 
could function continuously and stably without any electrolyte 
transport or local reaction kinetic variation issues. 

 In order to understand performance enhancement from 
the capillary PEC design, a series of analyses were performed 
on the reaction environment and kinetics. Firstly, it is intui-
tive to imagine that less electrolyte body volume in front of the 
photoanode would result in higher light intensity that can be 
practically absorbed. Thus, the power densities of the illumina-
tion at fi xed distances from the lamp were quantifi ed. A linear 
decrease of the power density was found showing a rate of 
 ∼ 9.1 mW cm −2  per 1 cm passing length through 1 mol L −1  KOH 
electrolyte (Figure S5). Therefore, the capillary PEC design has 
the least amount of electrolyte covering the photoanode sur-
face, which ensures the highest intensity of available light for 
absorption. This advantage becomes particularly signifi cant 
when large amounts of photo-catalyst need to be applied within 
a confi ned volume of electrolyte. 

      Figure 3.   J–V  characteristics of cellulose-templated TiO 2  photoanodes 
measured under interrupted illumination using in-electrolyte PEC setup 
(a) and capillary PEC setup (b). Insets are enlarged top regions of one J ph  
cycle showing the feature of the initial current spikes. 
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OH −  concentration is slightly higher than the actual electrolyte 
concentration (1M KOH, pH  =  14). To further confi rm the pH 
relationship, in-electrolyte PEC was conducted using the same 
TiO 2  photoanode under interrupted illumination in KOH elec-
trolytes with pH  =  14.02, 14.2, respectively (Figures S6). Com-
pared to the result shown in Figure  3 a, most anodic current 
spikes disappeared at higher pH values. We believe higher pH 
value at the photoactive site was possibly due to solvent volatili-
zation during electrolyte transport through the cellulose fi lm. 
This effect is benefi cial to local reaction kinetics. However, it 
may become impedimental in practical applications when the 
transportation path is too long and where the electrolyte may 
completely dry out. This limitation can be circumvented by 
encapsulating the cellulose transport path. 

 Another signifi cant merit of using cellulose nanofi ber as 
templates is its ability to modulate the chemical composi-
tion of ultimate TiO 2  nanostructures. Previous measurements 
were all based on fi brous anatase TiO 2  nanotubes processed by 
annealing in O 2  atmosphere, where the cellulose nanofi bers 
were completely removed and the fi nal structure appeared pure 
white (low right picture in  Figure   4 a). However, when annealed 
in vacuum (600 ºC, 24 hours, 55 mTorr), the resulting TiO 2  
nanostructure turned black, though the cellulose nanofi ber 
cores were also fully removed (Figure S7). EDS analysis showed 
an appreciable amount of carbon ( ∼ 10%) was preserved in the 
fi nal TiO 2  product (Figure S8). The existence of carbon in TiO 2  
and the resultant black color suggests signifi cant visible light 

 Based on above discussion, the photo-oxidation reaction 
kinetics at TiO 2  surfaces can be compared for both PEC setups 
from the shape of spikes. From the area under the anodic cur-
rent spike, the number of accumulated holes at the TiO 2 -elec-
trolyte interface can be estimated (Inset of Figures  3 a and b), 
which is analogous to calculating the amount of accumulated 
charges in a capacitor of an RC circuit by equation:

 
I(t) = I0e− t

J0 =
d Q(t)

dt  
(2)

       

 where  I 0   is the initial current and   τ  0   is the time constant of the 
system. For our situation, the area density (cm −2 ) of accumu-
lated holes can be approximated by integrating  J(t)dt . From 
both  J–V  curves in Figures  3 a and b, the accumulated hole den-
sities were estimated to be 8.24 × 10 12  cm −2  for in-electrolyte 
PEC and 3.43 × 10 12  cm −2  for capillary PEC. The lower interfa-
cial hole concentration suggests a lower transient over potential 
(  Δ φ ) for oxidation reactions (see details in supplementary mate-
rials). Because identical TiO 2  fi brous photoanodes were used in 
both cases,   Δ φ  (eV) is likely associated with the Fermi level shift 
of the redox couple in the electrolyte, which is directly related 
to the pH value in our KOH system following Equation  (3) . [  37  ] 

 �n = 0.059 × (pH − 14) (3)       

 The pH values corresponding to the over potential found in 
the capillary case was calculated to be  ∼ 14.02, suggesting the 

      Figure 4.  Effect of TiO 2  composition control. (a) Photos of CNF fi lms before and after TiO 2  coating, and after annealing in vacuum and oxygen 
atmosphere. (b)  J–V  characteristics of “black” cellulose-templated TiO 2  photoanode measured using capillary and in-electrolyte PEC setups. (c,d) 
Performance comparisons of cellulose-templated TiO 2  photoanodes annealed in vacuum (red curves) and in oxygen (blue curves) measured with UV 
cutoff fi lter (c) and AM 1.5 G fi lter (d). All the curves were measured using capillary PEC setup. 
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transported electrolyte to the photoanode surface during PEC 
water splitting. Better reaction kinetics and higher effi ciency 
were achieved from the capillary PEC designs compared to con-
ventional in-electrolyte PEC reactions. In addition, annealing 
the cellulose-TiO 2  core-shell structure in vacuum preserved the 
carbon elements in TiO 2 , and thus activated photoactivity in the 
visible light region. The cellulose-based nanomanufacturing 
technique holds a great promise for large-area, low-cost, and 
green fabrication of functional nanomaterials. Using cellulose 
for capillary PEC design mimics the mass transport process in 
natural photosynthesis, where the interaction between light and 
reaction sites is no longer limited by the volume, surface and 
depth of electrolyte. Therefore, it offers a brand new solution 
for improving the throughput of PEC reactions.  

  Experimental Section 
  Fabrication of CNF Films : The CNFs used in our fabrication were 

tetramethylpiperidine-1-oxy (TEMPO) oxidized wood pulp fi ber, which 
was prepared according to the method reported by Saito et al. [  38,39  ]  
Specifi cally, the TEMPO-treated wood pulp fi bers were mechanically 
homogenized on an M-110EH-30 Microfl uidizer (Microfl uidics, Newton, 
MA, USA) with a series of 200- and 87- μ m chambers via two pass-
throughs, then a 0.4 wt% CNF solution was obtained. After printing 
this CNF hydrogel on Fluorine doped Tin Oxide (FTO) glass substrates, 
the substrate with the hydrogel fi lm was frozen by liquid nitrogen 
and ethanol bath. Next, the substrate was immediately and quickly 
transferred into the vacuum chamber of a Labconco 4.5 Freeze Dryer 
(Labconco, Kansas City, MO, USA) with stable pressure about 35 mTorr 
for 12 hours at room temperature, where sublimation of the ice yielded a 
nanofi brous structure cellulose fi lm, 10  μ m thick on the FTO. 

  Fabrication of TiO 2  Nanotube Photoanodes : The CNF fi lms were 
loaded in ALD chamber for amorphous TiO 2  overcoating at 150 ºC. The 
ALD growth cycle consisted of 0.5 s H 2 O pulsing + 60 s N 2  purging + 
0.5 s titanium tetrachloride (TiCl 4 ) pulsing + 60 s N 2  purging. 350 cycles 
yielded 30 nm thick amorphous TiO 2  coating. The CNF-amorphous 
TiO 2  core-shell structures were annealed in oxygen (600 ºC, 24 hours, 
390 mTorr) or vacuum (600 ºC, 24 hours, 55 mTorr) to convert the 
amorphous TiO 2  into anatase phase. Through this process, CNFs were 
also removed leaving TiO 2  nanotube structures. Then, another thin fi lm 
of anatase TiO 2  was coated onto the entire sample by 400-cycle ALD at 
300 ºC to make a continuous cover of the TiO 2  fi brous nanotubes and 
exposed FTO area. The last step was further annealing the samples in 
oxygen at 500 ºC for 10 hours to eliminate carbonized cellulose residues 
outside of the TiO 2  crystals to avoid possible undesired electrochemical 
reactions during PEC measurement. 

  PEC Setup and Characterization : The TiO 2  nanotube networks on 
FTO substrate were covered by epoxy leaving an exposed active area 
of  ∼ 0.6 mm 2  as the photoanode. For capillary PEC setup, an additional 
CNF strip was adhered on the bottom side of the TiO 2  nanotube 
array. PEC measurements were performed in a 1 mol L −1  KOH 
(pH  =  14) aqueous solution using a three-electrode electrochemical 
cell confi guration (Figure S3). Both the conventional in-electrolyte 
PEC setup (immerse all active area into the KOH electrolyte) and the 
new capillary PEC setup (only bottom part of the cellulose strip was 
immersed in to KOH electrolyte) were utilized in the performance 
characterization of TiO 2  fi brous photoanodes. In PEC measurements, a 
saturated calomel electrode (SCE) was used as the reference electrode 
and a Pt wire was used as the counter electrode. All electrodes were 
connected to a potentiostat system (Metrohm Inc., Riverview, FL) for 
 J–V  characterization. Light illumination was provided by a 150W Xe 
arc lamp (Newport Corporation, Irvine, CA) and the intensity at the 
PEC anode position was adjusted to be 100 mW cm −2 . An AM 1.5G 

absorption and possible visible light photoactivity of the TiO 2  
photoanode, which may further enhance the PEC performance. 
To test this hypothesis, both capillary and in-electrolyte PEC 
setups were applied to characterize the  J–V  curves under Xe 
lamp illumination. As shown in Figure  4 b, both setups exhib-
ited higher  J  ph  compared to the results from “white” TiO 2  pho-
toanode (Figure  2 b). Following Equation  (1) , the maximum 
effi ciencies of the “black” TiO 2  photoanode were identifi ed 
to be 0.85% and 0.58% for capillary and in-electrolyte setups, 
respectively.  

 The possible visible light photoactivity was further investi-
gated by comparing the “black” and “white” fi brous TiO 2  pho-
toanodes using the same capillary PEC setup and AM 1.5G 
and visible light (UV fi lter applied) illuminations, as shown 
in Figure  4 c and d, respectively. Under both illumination con-
ditions,  J  ph  from the “black” TiO 2  photoanode was almost an 
order of magnitude higher than that from the “white” TiO 2 . 
Corresponding effi ciencies were calculated (Figure S9) and 
summarized in  Table   1  for comparison. In general,  J  ph  and PEC 
effi ciencies of capillary setups were higher than those obtained 
from in-electrolyte setup owing to less electrolyte-related light 
scattering and better local reaction kinetics. For both PEC 
setups, the vacuum annealed TiO 2  nanostructures exhibited 
signifi cantly higher PEC performance compared to the ones 
annealed in oxygen due to the activation of visible light photo-
activity. This comparison clearly shows that the capillary PEC 
design is able to further enhance the PEC performance in 
addition to those can be achieved by other strategies, such as 
optimizations of light absorption, surface/interface properties 
and charge transport. Given other key kinetic factors being well 
engineered, the maximum PEC effi ciency could be raised to a 
higher level by the implementation of the capillary PEC design.  

 In summary, 3D CNF networks have been used as templates 
for fabricating PEC photoanodes via ALD of TiO 2 . Annealing 
the cellulose-TiO 2  core-shell nanostructures created an anatase 
TiO 2  nanotube 3D architecture, which offered tremendous 
surface area for PEC water splitting. Based on the excellent 
hydrophilic property of cellulose, a novel capillary PEC setup 

 Table 1.   Summary of Photocurrent Densities and PEC Effi ciencies of 
Fibrous TiO 2  photoanodes measured under different conditions. 

PEC set up  Annealing 
ambient  

UV cut off 
fi lter  

AM 1.5 G 
fi lter  

 J  
(mA cm −2 )  

  η   
(%)  

Capillary setup  Oxygen  No  No  0.87  0.45  

  Oxygen  No  Yes  0.10  0.04  

  Oxygen  Yes  No  0.03  0.01  

  Vacuum  No  No  1.61  0.85  

  Vacuum  No  Yes  0.47  0.20  

  Vacuum  Yes  No  0.26  0.09  

In-electrolyte setup  Oxygen  No  No  0.42  0.16  

  Oxygen  No  Yes  0.08  0.03  

  Oxygen  Yes  No  0.02  0.01  

  Vacuum  No  No  1.10  0.58  

  Vacuum  No  Yes  0.32  0.15  

  Vacuum  Yes  No  0.15  0.07  
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