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Watching Mesoporous Metal Films Grow During Templated 
Electrodeposition with In Situ SAXS 
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In this paper, we monitor real-time growth of mesoporous platinum during electrodeposition using small-angle X-ray 
scattering (SAXS). Previously we have demonstrated that platinum films featuring ‘single diamond’ (Fd3m) morphology can 
be produced from ‘double diamond’ (Pn3m) lipid cubic phase templates; the difference in symmetry provides additional 
scattering signals unique to the metal. Taking advantage of this, we present simultaneous in situ SAXS / electrochemical 
measurement as the platinum nanostructures grow within the lipid template. This measurement allows us to correlate the 
nanostructure appearance with the deposition current density and to monitor the evolution of orientational and lateral 
ordering of the lipid and platinum during deposition and after template removal. In other periodic metal nanomaterials 
deposited within any of the normal topology liquid crystal, mesoporous silica or block copolymer templates previously 
published, the template and emerging metal have the same symmetry, so such a study has not previously been possible.

Introduction 

Mesoporous materials have wide reaching applications in the field 
of nanotechnology. Their high internal surface area and ordered 
nature has led to uses within catalysis1,2, drug delivery3, sensors4,5, 
batteries6 and solar cells7–9. Ordered nanostructured films periodic 
in two or three dimensions are commonly produced by 
electrodeposition within a block copolymer10, mesoporous silica11,12 
or lyotropic liquid crystalline template13. The structures produced 
are highly regular, and their orientation, symmetry and lattice 
parameter, on the nanometre length scale, are typically 
investigated using small-angle x-ray scattering (SAXS).  

Three dimensional structures such as the gyroid are particularly 
advantageous as their 3D morphology provides enhanced 
diffusion14 and transport15 as well as greater mechanical 
stability15,16 and catalytic durability17,18  . Recently we have 
demonstrated the production of 3D nanostructured materials using 
inverse bicontinuous lipid cubic phases as templates19. These 
structures are made up of three known morphologies, the QIID 

(‘double diamond’), QIIG (‘gyroid’) and QIIP (‘primitive’)20, all of which 
feature two networks of water channels 2 - 5 nm in diameter 
separated by a continuous lipid bilayer21. Type II lipids form the QIID 
phase in excess hydration conditions which allowed the lipid 
template to be applied to the substrate as a thin film. The approach 
is straightforward, offering significant processing advantages over 
analogous routes using gyroidal block copolymers or mesoporous 
silica.   

Our group reported the first mesoporous deposition of metal within 
a QII phase. The platinum, deposited within a template of the type II 
lipid phytantriol, exhibited a very high electrochemical surface 
area.19 Surprisingly, the nanostructure produced was found to 
exhibit a face-centred (Fd3m) symmetry with double the unit cell 
size of the primitive unit cell of the lipid template (Pn3m). Two 
potential explanations have been suggested for this. The first, as we 
have argued previously,19 is that deposition itself occurs 
asymmetrically, preferentially allowing metal growth in the network 
of water channels on one side of the lipid bilayer over the other to 
produce a ‘single diamond’ strucure. The second possibility is that 
deposition occurs in both channels, as might initially be expected, 
but that after the removal of the lipid template the two interlinked 
platinum nanowire networks have some space to “shift” relative to 
one another, which would also produce a reduction in symmetry. 
Such a phenomenon has recently been reported in silica and titania 
networks, producing what the authors describe as a “shifted double 
diamond” structure.22 The two hypotheses are shown schematically 
in Figure 1. 

a. Department of Chemistry, University of Reading, Whiteknights, Reading, RG6 
6AD, UK 

b. Department of Chemistry, University of Southampton, University Road, 
Southampton SO17 1BJ, UK  

c. Diamond Light Source Ltd, Diamond House, Harwell Science and Innovation 
Campus, Didcot, OX11 0DE, UK 

d. Current address: Department of Chemistry, University of Bath, Bath, BA2 7AY, UK 
 
Corresponding Author: a.squires@bath.ac.uk 
Electronic Supplementary Information (ESI) available: Calculation of azimuthal 
angles; radial integrations for SAXS images of platinum films before and after 
removal of lipid template; deposition with different potentials. See 
DOI: 10.1039/x0xx00000x 



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 

Figure 1. Two alternative hypotheses for observed reduction in 
symmetry in metal nanostructure. Top row: deposition occurs 
asymmetrically to produce a “single diamond” metal network 
(green). Bottom row: deposition occurs symmetrically, producing 
two interlinked metal networks (green and blue) with “double 
diamond” symmetry; on removal of the template, lateral “shifting” 
movement (in this case, of the blue network) causes a reduction in 
symmetry. Red squares represent a face of a crystallographic unit 
cell.  

While TEM images consistent with a single diamond structure 
suggest the former explanation,19 the technique inherently only 
shows those regions of the sample which are thin and open enough 
to allow a clear nanostructured pattern to be seen; it is therefore in 
principle possible that double diamond interlinked networks simply 
appeared black (as did the bulk of thicker fragments) and we only 
observed clear patterns from fragments of a single diamond which 
had become free from the corresponding other network. 

 In order to definitively distinguish these two hypotheses, we have 
carried out in situ SAXS measurements of electrodeposition of the 
platinum nanostructure in a QIID template, to determine whether 
the platinum itself grows in a single channel (ie with Fd3m 
symmetry) or in both channels, which would represent Pn3m 
symmetry, only changing to a lower symmetry when the lipid 
template is removed and the networks are free to move relative to 
one another. Our experiments also shed light on other observed 
features of the final metal nanostructure: the metal shows 
relatively broad Bragg peaks, in contrast to the very sharp peaks 
from the lipid,19 indicating greater lateral disorder; and  our 
subsequent studies23 showed that, for thin (<3 μm) platinum films, 
the platinum nanostructure features a uniaxial orientation with the 
(111) plane aligned parallel to the substrate and a slight 
rhombohedral distortion of the lattice along the 111 direction.  

Previously, SAXS measurements have been used to monitor growth 
of nanoparticles in situ24,25 and zeolite crystalisation,26 as well as the 
formation of mesoporous aluminophosphate27, but there have been 
no reports to our knowledge of the morphology of a nanostructure 
templated within mesoporous materials being monitored in situ. 
This is usually not straightforward using SAXS because the template 
and emergent nanomaterial typically have the same symmetry18, 
while other structural methods such as electron microscopy cannot 

easily give in situ measurements of the emerging nanostructure 
growing within a (typically much thicker) template.   

In the present study, a platinum film growing with Fd3m symmetry 
and double the unit cell size of the lipid QIID phase gives a distinct 
additional reflection, as we demonstrate here, confirming our 
original hypothesis that it grows as an asymmetric single diamond 
structure. Furthermore, analysis of this reflectionallows for several 
new pieces of information regarding the aligned platinum 
structures we had previously produced. First of all, we are able to 
monitor efficiency of the growth by looking at the intensity of the 
SAXS signal from the platinum which is proportional to the amount 
of material with respect to the charge passed electrochemically. 
Second, we are able to monitor evolution of the metal 
nanostructure as it grows, prior to template removal, and better 
understand observed features in the final metal nanostructure such 
as lateral disorder, orientational ordering and distortion of the cubic 
lattice. More generally, on extension to other materials, in cases 
where deposition is unsuccessful and does not ultimately produce a 
metal with the expected nanostructure, simultaneously monitoring 
both the template and the deposited metal can distinguish between 
different potential explanations (lack of deposition within template; 
disruption of template; collapse of metal nanostructure on removal 
of template or on exposure to air). Our in situ SAXS method 
therefore has potential to be an important assay for deposition of 
new mesoporous materials.  

 

Experimental 

All chemicals were used as received. Phytantriol (3,7,11,15-
tetramethyl-1,2,3-hexadecanetriol) purity > 98.3% was purchased 
from Adina Cosmetics. Chloroplatinic acid (Dihydrogen 
hexachloroplatinate(2–)) solution (8% w/w in water) was purchased 
from Sigma. Thin gold foil (12.5 µm x 10 mm x 0.5 mm) purchased 
from Goodfellow was used as a substrate for electrodeposition.    

Nanostructured platinum films were deposited through thin films of 
dip coated phytantriol as previously demonstrated by Akbar et al19. 
The lipid template was applied by dip coating in a solution of 
ethanol and 60% (w/w) phytantriol. Once the template was applied 
the substrates were left for half an hour in air in order for the 
solvent to evaporate, leaving a thin film of phytantriol on the 
electrode surface, estimated to 16 ± 0.3 µm in thickness28.  

Platinum films were deposited in a custom 3D printed acrylonitrile 
butadiene styrene (ABS) electrochemical cell on beamline I07 at 
Diamond Light Source29 The cell had kapton windows and a path 
length of 7 mm to allow for X-ray transmission. The gold foil 
substrate was attached to a custom 3D printed holder using 
adhesive copper tape; this held the substrate in place perpendicular 
to the beam allowing for out-of-plane structural measurements 
typically measured in GISAXS or reflective SAXS measurements. In 
addition to stability, the copper tape allowed the substrate to easily 
be connected to the potentiostat. The sample holder was produced 
with the same width as the inside dimensions of the cell allowing it 
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to be held in place by the cell’s elasticity.  A platinum mesh was 
used as a counter electrode which was placed at the bottom of the 
cell with the wire at resting in the corner of the cell. An Ag/AgCl 
electrode (concentration – 3 M KCl), diameter 5 mm, was used as a 
reference. Before deposition the substrate was submerged into the 
platinum salt solution for 10 minutes in order to allow for the lipid 
film to form a QIID phase. An Autolab 101 potentiostat with NOVA 
software was used to control the potential and measure the current 
at the working electrode. Platinum was deposited by potential step 
from 0.6 V to -0.25 V. Exposures of 1 s were collected using a Pilatus 
2M detector every two minutes starting five minutes before the 
reducing potential was applied using X-rays with an energy of 13 
keV and a beam size of 200 µm x 200 µm. A sample of silver 
behenate was used as a calibrant in order to measure the sample to 
detector distance and determine the beam centre.  

Radial and azimuthal profiles were produced from 2D SAXS images 
using YAX,30 a custom macro that runs within the ImageJ software 
package31. For azimuthal integrations, 0˚ was defined as the 3 
o’clock position with the angle increasing in the clockwise direction. 
Phases were identified by assigning peaks measured to Bragg 
reflections for a given phase. Predicted azimuthal angles were 
produced using previously published calculations32,33 listed in S1. 
The amount of nanostructured platinum deposited was estimated 
by integrating the area of the √3 platinum peak observed at 1/d = 
0.0125 Å-1. 

Results and discussion 

A custom electrochemical cell (as shown in Fig. 2) which allowed for 
SAXS measurements of the working electrode to be taken in situ 
was used to investigate the lipid templated nanostructure 
deposition process.  

 

Figure 2. Schematic of in situ deposition set-up. 

A 1 s image was taken every 120 s of the working electrode, a 
phytantriol coated gold foil substrate, during the platinum 
electrodeposition. Stacked radial profiles are shown in Fig. 3; 1D 
SAXS data are stacked with respect to the deposition time where 0 s 
is defined as when the reducing potential of -0.25 V was applied. 
Initially, before a potential is applied, only the signal from the lipid 
can be seen, where the √2, √3, √4, √6 Bragg peaks indexed to the 
Pn3m space group (QIID phase) are observed. The lattice parameter 
of the lipid was a = 70.36 ± 0.02 Å. From 0 s a potential of -0.25 V is 
applied and a new peak is observed to appear at 0.0125 Å-1 due to 
the growing platinum nanostructure. This peak can be identified as 
the √3 peak of the Fd3m phase from the 2D images which will be 
discussed later. The lattice parameter of the platinum film was 
found to be 137 ± 2 Å. This would correspond to asymmetric 
deposition through a single channel network of a double diamond 
structure of lattice parameter a = 68.5 Å which agrees with our 
observations of the lipid and previous literature19. This plot 
demonstrates an in situ SAXS measurement of the growth of 
nanostructured film whilst simultaneously monitoring the lipid 
template. It also confirms that the Fd3m symmetry is present as the 
metal grows with a single diamond structure, rather than emerging 
from lateral movement of two networks in a double diamond after 
template removal.  

We have suggested19 a potential mechanism for asymmetric growth 
of platinum in a QIID lipid cubic phase template due to greater 
accessibility to platinum ions dissolved in the external aqueous 
solution of one network than the other; this is based on the 
previously hypothesised model34 that in order to preserve bilayer 
topology at the surface of the cubic phase, one of the two networks 
of water channels becomes closed to the outside aqueous region. 
There is no direct proof of this phenomenon, but several pieces of 
evidence have recently emerged that support the suggestion: first, 
the AFM image of the QIID / water interface shows features with 
spacing consistent with a single network;35 second, the adopted QIID 
orientation with the (111) planes parallel with the surface is 
consistent with the expected lowest energy orientation considering 
the curvature of closed bilayer surfaces;33 finally, addition of a small 
amount of a pore-forming protein, which allows connectivity 
between the two networks, was found to greatly increase the rate 
of glucose release from cubic phases;36 this would not be expected 
if both networks were already connected to the external water 
region. 
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Figure 3. Stacked SAXS radial intensity profiles for phytantriol 
coated substrate taken during electrodeposition of platinum, 
plotted on a log intensity scale and stacked with respect to the time 
at which the image was taken relative to the start of deposition. 
The Bragg peaks belonging to the lipid and platinum films are 
labelled. 

The width of the emerging platinum peak demonstrates that the 
greater lateral disorder as compared with the lipid template is 
present as the film grows, rather than being induced by template 
removal. We carried out offline deposition at different potentials, 
which produce different deposition rates, to see if it is possible to 
produce more highly ordered platinum with sharper SAXS peaks, 
but found no significant change in peak width with deposition 
potential (see Supplementary Information S3) 

 

Fig. 4a shows how the integrated intensity of the platinum SAXS 
peak evolves over time, which can be correlated with the charge 
passed shown in Fig. 4b. The intensity of a Bragg reflection is usually 
dependent upon the amount of scattering material so this value 
would be expected to be proportional to the amount of 
nanostructured platinum deposited. It can be seen from the plot 
that the intensity of the platinum peak rapidly increases during the 
initial deposition and slowly increases after 2 C cm-2 were passed 
and then plateaus after 9 C cm-2. After this point, the peak does not 
increase despite the passage of further current. This may be 
because the increasing orientational disorder (see later) provides 
domains that do not satisfy the Bragg condition. However, we 
cannot rule out other potential explanations, such as the possibility 
that no further platinum is being deposited and the current instead 
is driving other electrochemical processes, or else because platinum 
is being deposited in a form which is not nanostructured, for 

example, outside of the lipid template, although we note that in our 
previous work the thickness of films of comparable charge density 
was found to be up to 3.3 ± 0.2 µm23 as compared with the lipid 
template thickness23 of approximately 16 μm19; this fact, coupled 
with the relatively smooth behaviour of deposition charge density, 
makes these options less likely. 

 

Figure 4. Evolution over time of the intensity of platinum SAXS peak 
at 1/d = 0.0125Å1 during the electrodeposition of platinum (a), 
charge density (b) and defined orientation value of platinum film 
with the (111) facet parallel to the substrate (c). 
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Figure 5. 2D SAXS images taken during electrodepositon (left) with 
1D azimuthal profile of the inner ring which arose from the 
deposition of platinum (right) after 153 s (a.), 516 s (b.) and 1242 s 
(c.).  

The 2D SAXS images allow the orientation of the films to be studied 
in addition to the growth rates. Fig. 5 shows 2D SAXS images taken 
during the deposition process, together with 1D Azimuthal profiles 
of the inner platinum √3 reflection in an annulus from 1/d = 0.012 – 
0.013 Å-1. From the 2D images it can be observed that the 
innermost reflection, arising from the platinum structure does not 
feature uniform intensity which indicates that the platinum 
structure is oriented. The 1D Azimuthal profiles are plotted with 
dotted lines showing the predicted azimuthal angles for a Fd3m 
structure with the (111) plane oriented parallel to the substrate 
(see Supplementary Informatio S1 for calculations). It can be 
observed that initially the film is highly oriented in this fashion, 
after continuous deposition the film becomes more disordered. The 
outer two rings correspond to the lipid template and can be 
observed to be uniform in intensity, indicating a polydomain 
structure with no overall alignment. This indicates that aligned 
platinum films are being produced from overall polydomain lipid 
templates. This agrees with our previous report where we 
concluded that there was an orientated region of the polydomain 
lipid close to the substrate interface. Platinum grown in the surface 
orientated polydomain film will initially be orientated as the lipid 
film but as more charge is passed and the film becomes thicker this 
order will gradually be lost. In order to quantify how well ordered 
the platinum films were with the (111) aligned parallel to the 

substrate, the average intensity at each of the predicted azimuthal 
angles taken from the 1D azimuthal profiles was divided by overall 
average intensity. This orientation value would be 1 for a 
completely un-oriented sample, and increase as the sample became 
more ordered.  Fig. 4c. shows the orientation as defined plotted 
over time. This plot demonstrates more clearly that the films are 
initially oriented, and become disordered after a potential has been 
applied for 1200 s. In a previous report, we studied these aligned 
platinum films after the removal of the lipid template. It was 
observed that these structures had undergone distortion 
perpendicular to the plane of the electrode, resulting in a non-cubic 
structure where α = 87˚ (α = 90˚ for cubic structures). Wedged 
radial integrated profiles are shown in S3 for an image of the 
platinum structure taken in situ coexisting with the lipid template 
and a previously reported platinum nanostructure with the 
template removed23; images were radially integrated in wedges of 
25° extending from the centre along the x and y axis, chosen to 
integrate over the on- and off-axis reflections respectively. For the 
structure with the template still in place, the position of the peaks 
integrated from wedges taken in x and y directions were found to 
agree within experimental uncertainty. Conversely, in our previous 
study, the off axis reflections (azimuthal angle = 71˚, 109˚, 251˚ and 
289˚) were found at greater 1/d values to the on axis reflections (0˚ 
and 180˚) for a platinum structure with the template removed. This 
indicates that the film is deposited with cubic symmetry, where α = 
90˚, and that the previously observed elongation occurs after the 
removal of the template.  A similar distortion was observed for 
platinum films deposited in gyroid block copolymer templates1 . 
Such distortions, while unlikely to impact significantly on catalytic 
properties of nanomaterials, may affect optical properties in more 
exotic metamaterials37. 

 

Conclusions 

In conclusion we present an in situ SAXS measurement of the 
growth of nanostructured platinum films, and demonstrate 
that asymmetric deposition gives rise to the final Fd3m 
structure.This asymmetry enabled us to monitor both the 
structure of platinum deposition and the lipid template, as 
well as charge passed during electrodeposition, and therefore 
the lateral and orientational ordering of the platinum and lipid 
films during deposition which could be correlated with 
deposition charge passed. The technique can be extended to 
other materials templated from a lipid cubic phase system, and 
this represents the first time a study has been able to monitor 
structurally both the template and deposit during the 
deposition of a mesoporous film.   
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