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SYSTEMS AND METHODS FOR PLATINUM 
NANOCATALYST SYNTHESIS VIA 
CONTINUOUS FLOW REACTOR 

[ 0001 ] This invention was made with government support 
under Contract No. DE - AC02-06CH11357 awarded by the 
United States Department of Energy to UChicago Argonne , 
LLC , operator of Argonne National Laboratory . The gov 
ernment has certain rights in the invention . 

TECHNICAL FIELD 

[ 0002 ] The present disclosure relates generally to method 
of synthesizing and compositions for platinum based nano 
materials , particularly platinum nickel and platinum cobalt 
nanoparticle structures . 

loaded onto conducting materials , such as high - surface - area 
carbon particles . In most cases , the surfactant used to 
stabilize the growth of nanocrystals should be removed , and 
desired surface structures will be created by chemical or 
electrochemical leaching and / or further annealing processes . 
The electrocatalyst can only be scaled up when every single 
step of the multi - step process is proven to be scalable . In this 
regard , recent shape - controlled synthesis of nanocrystals 
using solid - state chemistry methods significantly simplify 
the electrocatalyst preparation process . However , the control 
of nanocrystal shape and size and the composition of solu 
tion - phase synthesis is superior to solid - state reactions and 
usually results in much higher catalytic activities . 
[ 0005 ] Multi - layered Pt - skin nanoparticle catalysts have 
been synthesized by solution - phase synthesis and recently 
by a one - pot synthesis ( U.S. patent application Ser . No. 
15 / 996,297 ) . However , the synthesis conditions at larger 
scale in batch mode is time- and material - consuming , com 
plicating scale - up . Furthermore , for nanomaterials whose 
formation mechanisms are sensitive to reaction parameter 
changes , it would be very challenging to scale up the 
synthesis in batch because the heat transfer and mass trans 
fer in a batch reactor will inevitably change with scale . 
[ 0006 ] While these advanced materials have been pro 
duced on a small scale and through laboratory batch pro 
duction , there remains a need for a feasible process capable 
of producing desirable nanocatalysts in a scalable or indus 
trial scale process . 

BACKGROUND 

SUMMARY 

[ 0003 ] In the last few decades , significant efforts have 
been devoted to improving the activity and durability of 
Pt - based nanomaterials for oxygen reduction reaction 
( " ORR ” ) aiming to overcome the high price and scarcity 
problems of Pt - based catalysts for fuel cell application in 
stationary and automobile sectors . Since the discovery of the 
90 - fold activity improvements of nano - segregated Pt3Ni 
( 111 ) surface in comparison to commercially available plati 
num on carbon ( “ Pt / C ” ) catalysts , a variety of nanocrystals 
with different shapes and significant improved activities 
have been developed , in most cases , using solution - phase 
synthesis methods . In contrast to a Pt / C catalyst prepared by 
impregnation method , these nanocrystals made by solution 
phase synthesis usually have well controlled shape and 
composition and monodispersed particle size ; thus , their 
surfaces could be fine - tuned to give much higher catalytic 
activities . However , these highly active nanocrystals can 
usually only be made in milligram scale because great 
attention has to be paid to the synthesis and post - treatment 
processes in order to keep the desired morphologies , particle 
sizes , and surface composition profiles . This is barely 
enough for physical characterizations and electrocatalytic 
activity testing on rotating disk electrode ( “ RDE ” ) , and their 
performances in real fuel cell membrane electrode assembly 
( “ MEA ” ) have rarely been investigated , which greatly hin 
ders the commercialization of fuel cell technology . Gram 
scale of high quality nanocrystal catalyst should be made 
available for MEA testing in order to bridge the gap between 
fundamental researches and real device investigations . 
[ 0004 ] It is generally very challenging to scale up nano 
materials because their formation processes are very sensi 
tive to different reaction parameters , which usually inevita 
bly change with the increase of the reaction volume . 
Sometimes , even trace amount of impurities in the precur 
sors or solvents will result in total different morphologies . 
This critical information for scale up is usually not known 
when the material synthesis is discovered , and extensive 
research is required to reveal the true factors governing the 
nanomaterial formation , especially if these factors can be 
controlled at larger scale . Only at this point can one tell if 
this material is scalable and what is the best way to scale it 
up : either using traditional batch synthesis or in a microflu 
idic chip or tubular channel of continuous flow reactors 
where the reaction parameters can be controlled in a more 
precise way . When it comes to electrocatalytic materials , 
synthesis of nanocrystals is only the start of the electrocata 
lyst preparation . These nanocrystals should be uniformly 

[ 0007 ] Embodiments described herein relate generally to a 
method of synthesizing Pt nanoparticle catalyst . The method 
comprises forming , at an initial temperature of 18-28 ° C. , a 
reaction mixture . The reaction mixture comprises a nickel 
precursor , a reducing agent , and a surfactant comprising one 
part oleic acid to two parts oleylamine , a platinum precursor , 
and a polar solvent . The method further includes injecting a 
segment of reaction mixture into a continuous flow reactor 
at a temperature of at least 190 ° C. for 5 minutes to 1 hour , 
forming a PtNi nanoparticle solution , the segment having a 
segment length of at least 3 mm . The PtNi / substrate nan 
oparticles are isolated by : sonicating the PtNi nanoparticle 
solution with substrate in chloroform solution , adding 
hexane to the sonicated chloroform solution , precipitating 
PtNi / substrate nanoparticles , and collecting the PtNi / sub 
strate nanoparticles by filtration . The PtNi / substrate undergo 
acid leaching by : sonicating the collected PtNi / substrate 
nanoparticles in water , mixing an acid with the sonicated 
PtNi / substrate sonicated in water for 60 minutes , and col 
lecting the leached PtNi / substrate nanoparticles by filtration . 
The leached PtNi / substrate nanoparticles are annealed , 
forming a Pt - skin on the PtNi / substrate nanoparticles . 
[ 0008 ] Other embodiments described herein relate gener 
ally to a method of forming Pt nanoparticle . The method 
comprises forming , at a temperature of 18-28 ° C. , a reaction 
mixture . The reaction mixture comprises a nickel precursor , 
a reducing agent , a surfactant comprising one part oleic acid 
to two parts oleylamine , a platinum precursor , and a polar 
solvent . The method further includes injecting a segment of 
reaction mixture into a continuous flow reactor at a tem 
perature of at least 190 ° C. for 5 minutes to 1 hour , forming 
a Pt nanoparticle solution . The segment has a segment length 
of at least 3 mm . 
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[ 0009 ] It should be appreciated that all combinations of 
the foregoing concepts and additional concepts discussed in 
greater detail below ( provided such concepts are not mutu 
ally inconsistent ) are contemplated as being part of the 
subject matter disclosed herein . In particular , all combina 
tions of claimed subject matter appearing at the end of this 
disclosure are contemplated as being part of the subject 
matter disclosed herein . 

of the present disclosure , as generally described herein , and 
illustrated in the figures , can be arranged , substituted , com 
bined , and designed in a wide variety of different configu 
rations , all of which are explicitly contemplated and made 
part of this disclosure . 

DETAILED DESCRIPTION OF VARIOUS 
EMBODIMENTS 

BRIEF DESCRIPTION OF DRAWINGS 
[ 0010 ] The foregoing and other features of the present 
disclosure will become more fully apparent from the fol 
lowing description and appended claims , taken in conjunc 
tion with the accompanying drawings . Understanding that 
these drawings depict only several implementations in 
accordance with the disclosure and are therefore , not to be 
considered limiting of its scope , the disclosure will be 
described with additional specificity and detail through use 
of the accompanying drawings . 
[ 0011 ] FIG . 1A is a schematic illustration of a multi - step 
synthesis procedure of multi - layered Pt - skin nanoparticle 
catalyst . FIG . 1B illustrates a detailed multi - step process for 
one embodiment of a continuous flow process . 
[ 0012 ] FIG . 2A is a small droplet flow mode . FIGS . 2B - 2E 
are transmission electron microscopy ( " TEM ” ) images of 
PtNi nanoparticles obtained under specified conditions . 
[ 0013 ] FIG . 3A is a continuous flow mode . FIG . 3B shows 
energy - dispersive X - ray spectroscopy ( “ EDX ” ) results of 
PtNi nanoparticles obtained under specified conditions . 
FIGS . 3C - 3D are TEM images of PtNi nanoparticles 
obtained under specified conditions . 
[ 0014 ] FIG . 4A is a segment flow mode . FIGS . 4B - 4C are 
TEM images and EDX results of PtNi nanoparticles 
obtained under specified conditions . 
[ 0015 ] FIGS . 5A - 5E show PtNi nanoparticles synthesized 
in a flow reactor with different amounts of oleic acid : 0.5 
times ( FIG . 5A ) , 0.8 times ( FIG . 5B ) , 1 times ( FIG . 5C ) , 1.5 
times ( FIG . 5D ) , and 2 times ( FIG . 5E ) standard condition 
with residence time of 10 min . 
[ 0016 ] FIGS . 6A - 6E show TEM and electrochemistry of 
catalysts produced with flow reactor . FIGS . 6A - 6C are TEM 
images of PtNi nanoparticles collected between 0-10 min 
utes ( FIG . 6A ) , 30-40 minutes ( FIG . 6B ) , and 140-150 
minutes ( FIG . 6D ) with residence time of 26 minutes in a 
continuous flow reactor . FIG . 6D is a TEM image and FIG . 
6E are EDX mappings of the multilayered Pt - skin nanopar 
ticle catalyst synthesized in a flow reactor . 
[ 0017 ] FIGS . 7A - 7D show a PtCo synthesis in flow reac 
tor with continuous flow mode . FIG . 7B shows EDX results 
of the resultant PtCo material from the reactor of FIG . 7A . 
FIGS . 7C - 7D are TEM images of the PtCo material . 
[ 0018 ] FIGS . 8A - 8C show a PtCo synthesis in flow reactor 
with segment flow mode . FIG . 8B is a TEM image of PtCo 
material from the reactor of FIG . 8A . FIG . 8C shows EDX 
results of PtCo material from the reactor of FIG . 8A . 
[ 0019 ] Reference is made to the accompanying drawings 
throughout the following detailed description . In the draw 
ings , similar symbols typically identify similar components , 
unless context dictates otherwise . The illustrative implemen 
tations described in the detailed description , drawings , and 
claims are not meant to be limiting . Other implementations 
may be utilized , and other changes may be made , without 
departing from the spirit or scope of the subject matter 
presented here . It will be readily understood that the aspects 

[ 0020 ] Described herein is a scalable process to manufac 
ture nanoparticle in a reactor with continuous flow of 
reagents , which has been widely used in the pharmaceutical 
industry and offers the opportunity to control the key param 
eters of nanocrystal synthesis even for the most complicated 
nanostructures . The problem of batch - to - batch variation 
often seen in batch synthesis can be eliminated in a flow 
reactor . More importantly , the process developed in a flow 
reactor can be readily scalable by numbering up without 
changing the reaction conditions . 
[ 0021 ] Prior processes suffered from the low solubility of 
the PtNi nanoparticle metal precursors in organic solvents at 
room temperature ( e.g. , 18-28 ° C. or , preferably , 20-24 ° C. ) . 
The precipitation of precursors from the liquid phase is a 
major limitation that previously has restricted such PtNi 
synthesis to a batch approach due to non - uniform reaction 
and clogging of the flow reactor if a continuous approach 
were to be attempted . FIG . 1A is a schematic illustration of 
a multi - step synthesis procedure of multi - layered Pt - skin 
nanoparticle catalyst as a batched process . 
[ 0022 ] One embodiment relates to a synthesis process 
scalable to industrial scale production ( i.e. , ter than 5 g , 
100 g , 10 kg , 100 kg batches ) to enable production of tons 
to kilotons of material per year . In one embodiment , the 
synthesis process forms the PtNi nanoparticle in a flow 
reactor . In one implementation , the process utilizes a one - pot 
process ( see , e.g. , U.S. patent application Ser . No. 15/996 , 
297 , incorporated herein by reference ) that begins at room 
temperature rather than utilize a hot injection process and 
proceeds through a flow reactor . FIG . 1B illustrates a 
detailed multi - step process for one embodiment of a con 
tinuous PtNi synthesis . 
[ 0023 ] As illustrated in FIG . 1B , step 1 is a flow synthesis 
that begins with a room temperature reaction mixture and 
uses large reaction mixture segment size when injected into 
the flow reactor . Step 2 is a loading of the PtNi nanoparticles 
on carbon and removal of the resultant loaded material by 
precipitation and filtration . Step 3 is acid leaching of the 
PtNi / C material by dispersion of the material in water and 
acidification of the dispersion followed by filtration recover . 
Step 4 is annealing of the leached PtNi / C material . 
[ 0024 ] In accordance with some embodiments , a continu 
ous flow synthesis process is described . In one embodiment , 
a reaction mixture is formed , such as at room temperature 
( 20-24 ° C. ) , for use with the continuous flow reactor as the 
feedstock . In one embodiment of the reaction mixture , the 
materials may be added to form the reaction mixture without 
order requirement . In one embodiment , a nickel precursor 
( e.g. , nickel acetate tetrahydrate ) , a reducing agent ( e.g. , 
1,2 - tetradecanediol ) , a surfactant ( e.g. , oleic acid and / or oleylamine ) , platinum precursors ( e.g. , platinum ( II ) acety 
lacetonate ) , and a polar solvent ( e.g. , 1,2 - dichlorobenzene 
and / or diphenyl ether ) are included in the reaction mixture . 
Using 1,2 - dichlorobenzene results in increased uniformity in 
particle size . In some embodiments , 1,2 - dichlorobenzene 
and / or diphenyl ether are included ; the diphenyl either 
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provides the basic solvent environment and the dichloroben 
zene contributes to the uniformity of nanoparticle ( without 
dichlorobenzene , particles are less uniform ) . The ratio of 
oleic acid to oleylamine may be varied to control particle 
size , with increasing ratio of oleic acid associated with 
smaller particle size . 
[ 0025 ] In one embodiment , a synthesis proceeds with 
1.336 g nickel acetate tetrahydrate , 1.04 g platinum acety 
lacetonate , 0.68 g 1,2 - tetradecanediol , 8 mL oleylamine , 4 
mL oleic acid , 24 mL 1,2 - dichlorobenzene , and 160 mL 
diphenyl ether that are mixed together , such as by magnetic 
bar stirring at ~ 400 rpm for 20 minutes under argon flow . It 
should be appreciated that these amounts may be scaled up 
where the relative amounts of each component remain the 
same . 

[ 0026 ] In order to remove any residual water , the reaction 
mixture may be heated to above 100 ° C. In one embodiment , 
the reaction mixture is held at 110 ° C. for 2 hours to remove 
water . The reaction mixture is then transferred to a feedstock 
system for the flow reactor , for example to a syringe for 
injection in segmented continuous flow reactor . PtNi nan 
oparticle synthesis was performed by pumping / injecting the 
reaction mixture into a reaction vessel of the reactor , such as 
a fused silica capillary tube ( or PTFE tube or glass tube coil ) . 
The reaction vessel may be heated to the reaction tempera 
ture by conventional means , such as heated inside an oil 
batch or a convection oven . The reaction time , or residence 
time , was controlled by the length of the reactor and flow 
rate of material through the reactor . The particle composition 
can be changed by changing the ratios of the Pt and Ni 
precursors , for example 1.2-1.4 g of nickel acetate tetrahy 
drate per 0.95-1.15 g platinum acetylacetonate . 
[ 0027 ] In one embodiment , the synthesis occurs in a flow 
reactor system for use as described herein . The above 
described solvent system provided to the reactor as the 
reaction mixture . Prior approaches have used batch reactions 
and failed to produce monodispersed particles . Attempts at 
a continuous flow reaction failed to produce an acceptable 
particle due to failure of the nickel to sufficiently integrate 
into the formed particles . For a segmented flow reactor , the 
reaction mixture is provided in segments or drops to a 
continuous flow ( e.g. , with the segment or drop having a 
volume based on a segment length and the diameter of the 
reactor and moving through the reactor with a transport 
solvent ) . In one embodiment , the reaction mixture is chemi 
cally and physically isolated to the defined segment / droplet 
by an immiscible solvent or atmosphere spacer . The trans 
port solvent may be present as a segment between two 
immiscible solvent or atmosphere spacers to aid in flow of 
the material through the reactor . The reaction mixture is at 
an initial temperature , such as room temperature , and is 
pumped into the reactor at a selected rate to form the 
segment / droplet . In one embodiment , the range of rates and 
pressures are 0.1 ml / h to 100 ml / min depending on the 
diameter of the flow reactor , pressure can be from atmo 
sphere pressure to 20 bar . The reactor has a reaction tem 
perature ( e.g. , 190 ° C. to 220 ° C. ) . The reaction proceeds for 
a reaction time ( e.g. , 5 minutes to 1 hour ) . It should be 
appreciated that the reaction time is controlled by the length 
of the flow reactor and the flow rate of the reaction mixture 
( i.e. , how long the reaction mixture stays in the flow reactor ) . 
[ 0028 ] In batch synthesis , Pt and Ni precursors are dis 
solved in organic solvents at elevated temperature before 
reaching reaction temperature . In contrast , in one embodi 

ment of a flow reactor , all the metal precursors , solid 
reducing agents , and surfactants should be dissolved at room 
temperature in order to achieve uniform and consistent 
reaction . For example , the dissolution of nickel acetate in the 
reaction mixture is controlled by the coordination of the Ni 
ion with oleylamine and the amount of oleylamine surpris 
ingly controls the solubility of Ni precursor . In one embodi 
ment , the oleylamine is present in a 2 : 1 ratio with the oleic 
acid . In one embodiment , all of the reaction materials are 
dissolved at room temperature ( 20-24 ° C. ) , including the 
metal precursors . 
[ 0029 ] In addition , the utilization of a flow reactor requires 
adaptation of the synthesis to address the issue that continu 
ous flow may result in poly - dispersed nanoparticle because 
of the laminar flow nature in the flow reactor and disruptions 
to that flow condition due to changes in the materials in the 
reaction mixture , including phase changes . It was discovered 
that for PtNi nanoparticle synthesis in flow reactor , 
monodispersed , such as about 5 nm diameter , PtNi nanopar 
ticle are obtained with large segments / droplets but not 
obtained with small segments / droplets flow at different 
temperatures with different residence times ( FIGS . 2A - 2E ) . 
In one embodiment , the synthesis proceeds with sufficiently 
large segments / droplets to result in monodispersed particles , 
that is particles that have a diameter of -10 % ( e.g. , 4.5-5.5 
nm ) . In one embodiment a short segment / droplet is less than 
3 mm in length and a large segment is greater than 3 mm 
( e.g. , greater than 10 mm ) up to a continuous flow . It is 
believed that dichlorobenzene ( boiling point of 182 ° C. ) , 
which in some embodiments is critical to the synthesis of 
monodispersed PtNi nanoparticle , is evaporated at reaction 
temperature , a condition exacerbated when the droplet is 
smaller . It is also believed that the suppression of the 
evaporation may be aided by any other factors , such as the 
flow rate , the material used for the reactor flow path . For 
example , the faster the flow rate and the thicker the reactor , 
the less evaporation of dichlorobenzene . Further , the lower 
the reaction temperature , the less evaporation but the longer 
the overall reaction takes to form a similar size particle . 
[ 0030 ] Indeed , monodispersed PtNi nanoparticle is 
obtained with a continuous flow mode ( FIGS . 3A - 3D ) and 
segment flow mode ( FIGS . 4A - 2C ) . For segment flow 
( longer segment ) we obtained monodispersed particles . It is 
believed that the segments for the tested sample were large 
enough to avoid evaporation , thereby resulting in the 
monodispersed les . Interestingly , the segmentation of the 
continuous flow reaction solution because of the evaporation 
of dichlorobenzene can be observed ( FIGS . 3A - 3D ) . The 
segmentation of continuous flow by the evaporation of 
dichlorobenzene breaks the laminar flow nature usually seen 
in continuous mode , therefore disrupting the monodispersed 
particle formation . For tube diameter of 2-5 mm , it is 
observed that segment size of 1-3 mm are too small , segment 
size of 5-10 mm is sufficient . It is believed that smaller tube 
diameter need longer segment size while larger tube diam 
eter require shorter segment size . Uniform segment size 
contributes to the particles uniformity . while a true continu 
ous flow may result in non - uniform particle size , such as if 
the tube diameter changed . However , it has been discovered 
that as long as the segments of the flow are big enough ( or 
during continuous flow ) , the evaporation of dichlorobenzene 
is not as fast as the nucleation and growth of the PtNi 
nanoparticle . Thus , the formation of monodispersed PtNi 
nanoparticle is not affected . Thus , for segmented continuous 
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flow reactors , such as those utilizing a droplet mechanism 
through a feed needle , droplet size was observed to have an 
impact on the scale - up of the process . A large droplet 
( greater than 3 mm , preferably greater than 10 mm ) provided 
positive results while the use of a small droplet ( smaller than 
3 mm ) did not work . 
[ 0031 ] Note that experiments demonstrated the synthesis 
of PtNi nanoparticle in flow reactor in tubes of different 
materials ( e.g. , polytetrafluoroethylene , fused silica , quartz , 
and glass ) with different tube diameters ( a few hundred 
micrometers to several millimeters ) , different reaction tem 
peratures , and residence times . The particle size could be 
tuned by changing the amount of oleic acid ( FIGS . 5A - 5E ) 
such that particle size increased with a decrease in the 
amount of oleic acid , which is consistent with previously 
reported results in batch synthesis using the hot injection 
method . 
[ 0032 ] For a flow reactor process it is critical to provide an 
unchanged particle quality through the operation time . As 
shown in FIGS . 6A - 6C , particle size and composition did 
not change within 2.5 hours continuous operation of a 
process , in accordance with embodiments described herein , 
with the same 26 minutes residence time . The PtNi nan 
oparticles collected during 40-140 minutes reaction were 
loaded on carbon and treated with annealing and acid 
leaching processes to make a multi - layer Pt - skin nanopar 
ticle catalyst . The TEM and EDX mapping results of this 
catalyst are shown in FIGS . 6D - 6E . As shown in FIG . 6D , 
5 nm PtNi nanoparticles are distributed on carbon uniformly . 
The EDX mapping results shown in FIG . 6E clearly dem 
onstrated the Pt - rich shell structure on the surface of PtNi 
nanoparticles . RDE results summarized in Table 1 further 
demonstrate the formation of Pt - skin structure . The higher 
mass activity compared with the scaled up batch samples 
( U.S. patent application Ser . No. 15 / 996,297 ) is due to the 
higher specific surface area of the flow reactor synthesized 
particles . These results demonstrate that the PtNi nanopar 
ticle with multi - layer Pt - skin can be successfully synthe 
sized in a flow reactor . 
[ 0033 ] More importantly , the unchanged particle size and 
composition at different operation times indicate that future 
scale up is feasible by increasing operating time . Further , the 
formation of the PtNi material may also include a scaled up 
loading and acid leaching procedures . 

for the water removal , and using different precursors did not 
yield a scalable synthesis process . However , positive results 
were experienced when the surfactant amount was changed 
and when the droplet size was changed . 
[ 0035 ] The reaction materials may be purged with an inert 
gas at greater than room temperature to remove hydrate 
water , such as from the nickel precursor . 
[ 0036 ] In one embodiment , PtNi nanoparticles from con 
tinuous flow process have surfactants removed . For 
example , the surfactants on the surface of PtNi nanoparticles 
are removed by annealing in a furnace , such as at 185 ° C. for 
20 hours in air . Preferably , the thickness of the catalyst layer 
should be less than a few millimeters ( 2-3 mm ) to avoid 
ignition of the catalyst by excess heat generated during the 
oxidation of surfactant on the surface of PtNi nanoparticles . 
[ 0037 ] Following PtNi nanoparticle synthesis by the con 
tinuous flow reactor methods described , the nanoparticles 
may be “ loaded ” on a substrate , for example a carbon 
substrate . The PtNi nanoparticles and carbon are dispersed 
in an organic dispersant , such as in chloroform by sonication 
to form a slurry . The slurry is the mixed with a precipitant , 
such as hexane , to form a precipitate of the PtNi nanopar 
ticles . The precipitated materials are collected by filtration or 
other collection means and , preferably , vacuum dried . 
[ 0038 ] Following the synthesis in the flow reactor , the 
particles are collected and undergo a post synthesis treat 
ment . For example , the particles undergo an acid leaching . 
[ 0039 ] Following loading of the PtNi on carbon and 
collection of the resultant PtNi / C , the material maybe further 
treated such as by acid leaching . The carbon supported PtNi 
nanoparticles are dispersed in dispersant , such as water by 
sonication , and an acid , such as an equal volume of acid 
( e.g. , HC104 ) is added . The material is acid leached for 10 
minutes to 24 hours and collected , such as by filtration and 
washed by water . The collected materials may be dried in a 
vacuum oven at 80 ° C. overnight . 
[ 0040 ] The PtNi / C materials may be further , such as after 
acid leaching , treated , such as by thermal treatment ( e.g. , 
annealing ) . The annealing may be on an alumina boat and 
annealed at 400 ° C. for 1 hour in a tube furnace under flow 
of 3 % H2 / Ar . 
[ 0041 ] In a further embodiment , PtCo particles may be 
formed . The same method is utilized as described above , but 
using Cobalt ( II ) acetate stead of Ni acetate tetrahydrate . This 

TABLE 1 

Electrochemical results of different catalysts . 

ECSA 
CO / HUPD 

SSA 
( még ) 

0.9 V 
( mA / cm² ) 

0.95 V 
( mA / cm² ) 

0.9 V 
( A / mg ) 

0.95 V 
( A / mg ) 

Pt / C TKK 
JACS * 
5 batch 11 
5 g batch 21 
Flow reactor 

1.04 
1.44 
1.38 
1.37 
1.27 

44 
40 
60 
64 
75 

0.82 
5 
5.9 
6.4 
5.9 

0.12 
0.85 
0.72 
0.73 
0.65 

0.36 
2 
3.5 
4.1 
4.4 

0.05 
0.34 
0.43 
0.46 
0.49 

TWANG , et al . , “ Design and Synthesis of Bimetallic Electrocatalyst with Multilayered Pt - Skin Surfaces , " 
Journal of the American Chemical Society 133 ( 36 ) , pp . 14396-14403 ( 2011 ) . 
U.S. patent application Ser . No. 15 / 996,297 . 

[ 0034 ] In general , while there are several parameters to the 
synthesis of the catalysts , not all parameters were shown to 
be relevant to solving the problem of the low solubility of 
the precursors . In particular , increasing the reaction time / 
temperature , decreasing the precursor concentrations , 
increasing the dichlorobenzene amount , changing the timing 

embodiment otherwise uses the same precursor / surfactant / 
reducing agent ratio . Oleic acid concentrations were 
changed in order to see if particle size could be controlled . 
However , in contrast to PtNi , same PtCo particle size were 
obtained despite difference oleic acid concentrations . It is 
believed that PtCo particle size may be controlled by chang 
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ing reducing agent amount or increase reaction temperature . 
FIGS . 7A - 7D show a PtCo synthesis in flow reactor with 
continuous flow mode . FIG . 7B shows EDX results of the 
resultant PtCo material from the reactor of FIG . 7A . FIGS . 
7C - 7D are TEM images of the PtCo material . 
[ 0042 ] FIGS . 8A - 8C show a PtCo synthesis in flow reactor 
with segment flow mode . FIG . 8B is a TEM image of PtCo 
material from the reactor of FIG . 8A . FIG . 8C shows EDX 
results of PtCo material from the reactor of FIG . 8A . 

EXAMPLES 

trolyte in a three - electrode configuration . The electrochemi 
cal cell and all its components were cleaned in concentrated 
H , SOZ / HNO , and washed in boiling water ( 18.2 M2 ) 
before each measurement . A commercially available 
Ag / AgCl electrode was connected to the electrochemical 
cell with a salt bridge and used as the reference electrode . 
The potential of reference electrode was calibrated with 
hydrogen evolution / oxidation reaction in each experiment . 
The catalyst was loaded onto a glassy carbon rotating disk 
electrode with diameter of 6 mm and used as the working 
electrode . A Pt wire coil was used as the counter electrode . 
Catalyst ink with a concentration of 0.5 mg / mL was made 
before each measurement . Depending on the Pt mass load 
ing of the catalyst , 15-2 5 uL of ink was loaded onto the 
glassy carbon electrode . The exact loading of Pt on glassy 
carbon electrode was determined with ICP measurement 
from the same ink , and this was used to determine Pt mass 
activity . A stable state of the electrode was achieved after 20 
cyclic voltammetry ( “ CV ” ) cycles between 0.06 B and 1.00 
V with 50 mV / s scan rate . The ORR was measured using a 
20 mV / s scan rate . Double layer capacitance under Ar 
purging , also measured at 20 mV / s scan rate , was subtracted 
and electrolyte resistance was corrected by iR compensa 
tion . Pt electrochemical surface area ( “ ECSA ” ) specific 
activity was obtained by normalizing the current to ECSA 
from carbon monoxide stripping . 
Definitions . 

[ 0043 ] The above described results were obtain based 
upon the following samples . 
[ 0044 ] Synthesis of PtNi nanoparticles in flow reactor . In 
a 250 mL 3 - neck round bottom flask , 1.336 g nickel acetate 
tetrahydrate , 1.04 g platinum acetylacetonate , 0.68 g 1,2 
tetradecanediol , 8 mL oleylamine , 4 mL oleic acid , 24 mL 
1,2 - dichlorobenzene , and 160 mL diphenyl ether were 
mixed together by magnetic bar stirring at ~ 400 rpm for 20 
minutes under argon flow . The solution was heated up to 
110 ° C. to speed up dissolution and remove H20 . The 
solution was held at 110 ° C. for 2 hours to remove water and 
then cooled down to room temperature before being trans 
ferred to a syringe with a long needle . PtNi nanoparticle 
synthesis was performed by pumping the reaction mixture 
into a fused silica capillary tube ( or polytetrafluoroethylene 
tube ) which was heated inside an oil batch or a convection 
oven at specific temperature . The reaction time , or residence 
time , was controlled by the length of the reactor and flow 
rate . To investigate the effect of oleic acid amount , the 
solutions with double amount of oleic acid and that without 
oleic acid were prepared separately and mixed in different 
volume ratios in a syringe before pumping into the flow 
reactor . PtNi nanoparticles were collected by centrifuging at 
8000 rpm and further washed with hexane and ethanol . 
[ 0045 ] Loading of PtNi nanoparticles on carbon . The 
proper amount of carbon was dispersed in chloroform by 
sonication to form a uniform slurry . PtNi nanoparticles 
dispersed in chloroform were mixed with carbon slurry and 
sonicated for 20 min . Carbon supported PtNi nanoparticles 
were precipitated from chloroform by adding the same 
volume of hexane . The precipitated materials were collected 
by filtration and dried in vacuum oven at 80 ° C. overnight . 
[ 0046 ] Removing surfactant . The surfactants on the sur 
face of PtNi nanoparticles were removed by annealing in a 
furnace at 185 ° C. for 20 hours in air . The thickness of the 
catalyst layer should be less than a few millimeters ( 2-3 mm ) 
to avoid ignition of the catalyst by excess heat generated 
during the oxidation of surfactant on the surface of PtNi 
nanoparticles . 
[ 0047 ] Acid leaching . Carbon supported PtNi nanopar 
ticles were dispersed in water by sonication and the same 
volume of 0.1 M HC104 was added . The material was 
soaked in the acid for different times and collected by 
filtration and washed by water . The collected materials were 
dried in a vacuum oven at 80 ° C. overnight . 
[ 0048 ] Annealing . Acid leached PtNi nanoparticles sup 
ported on carbon were loaded in an alumina boat and 
annealed at 400 ° C. for 1 hour in a tube furnace under flow 
of 3 % H2 / Ar . The activity of the catalyst was not affected by 
the thickness of the catalyst ( from ~ 1 mm to ~ 1 cm ) in the 
alumina boat during annealing . 
[ 0049 ] Electrochemistry . All the electrochemical testing 
was performed at room temperature in 0.1 M HC104 elec 

[ 0050 ] As used herein , the singular forms “ a , " " an , ” and 
“ the ” include plural referents unless the context clearly 
dictates otherwise . Thus , for example , the term “ a member ” 
is intended to mean a single member or a combination of 
members , “ a material ” is intended to mean one or more 
materials , or a combination thereof . 
[ 0051 ] As used herein , the terms " about ” and “ approxi 
mately ” generally mean plus or minus 10 % of the stated 
value . For example , about 0.5 would include 0.45 and 0.55 , 
about 10 would include 9 to 11 , about 1000 would include 
900 to 1100 . 
[ 0052 ] It should be noted that the ter “ exemplary ” as 
used herein to describe various embodiments is intended to 
indicate that such embodiments are possible examples , 
representations , and / or illustrations of possible embodi 
ments ( and such term is not intended to connote that such 
embodiments are necessarily extraordinary or superlative 
examples ) . 
[ 0053 ] The terms “ coupled , ” “ connected , " and the like as 
used herein mean the joining of two members directly or 
indirectly to one another . Such joining may be stationary 
( e.g. , permanent ) or moveable ( e.g. , removable or releas 
able ) . Such joining may be achieved with the two members 
or the two members and any additional intermediate mem 
bers being integrally formed as a single unitary body with 
one another or with the two members or the two members 
and any additional intermediate members being attached to 
one another . 
[ 0054 ] It is important to note that the construction and 
arrangement of the various exemplary embodiments are 
illustrative only . Although only a few embodiments have 
been described in detail in this disclosure , those skilled in 
the art who review this disclosure will readily appreciate that 
many modifications are possible ( e.g. , variations in sizes , 
dimensions , structures , shapes and proportions of the vari 
ous elements , values of parameters , mounting arrangements , 
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use of materials , colors , orientations , etc. ) without materially 
departing from the novel teachings and advantages of the 
subject matter described herein . Other substitutions , modi 
fications , changes and omissions may also be made in the 
design , operating conditions and arrangement of the various 
exemplary embodiments without departing from the scope 
of the present invention . 
[ 0055 ] While this specification contains many specific 
implementation details , these should not be construed as 
limitations on the scope of any inventions or of what may be 
claimed , but rather as descriptions of features specific to 
particular implementations of particular inventions . Certain 
features described in this specification in the context of 
separate implementations can also be implemented in com 
bination in a single implementation . Conversely , various 
features described in the context of a single implementation 
can also be implemented in multiple implementations sepa 
rately or in any suitable subcombination . Moreover , 
although features may be described above as acting in 
certain combinations and even initially claimed as such , one 
or more features from a claimed combination can in some 
cases be excised from the combination , and the claimed 
combination may be directed to a subcombination or varia 
tion of a subcombination . 
What is claimed is : 
1. A method of synthesizing Pt nanoparticle catalyst 

comprising the steps of : 
forming , at an initial temperature of 18-28 ° C. , a reaction 

mixture comprising a metal precursor , a reducing 
agent , and a surfactant comprising one part oleic acid 
to two parts oleylamine , a platinum precursor , and a 
polar solvent ; 

injecting a segment of reaction mixture into a continuous 
flow reactor at a temperature of at least 190 ° C. for 5 
minutes to 1 hour , forming a PtNi nanoparticle solution , 
the segment having a segment length of at least 3 mm ; 

isolating PtNi / substrate nanoparticles by : 
sonicating the PtNi nanoparticle solution with substrate 

in chloroform solution , 
adding hexane to the sonicated chloroform solution , 
precipitating PtNi / substrate nanoparticles , and 
collecting the PtNi / substrate nanoparticles by filtration ; 

acid leaching the PtNi / substrate by : 
sonicating the collected PtNi / substrate nanoparticles in 

water , 
mixing an acid with the sonicated PtNi / substrate soni 

cated in water for 60 minutes , and 
collecting the leached PtNi / substrate nanoparticles by 

filtration ; and 
annealing the leached PtNi / substrate nanoparticles , form 

ing a Pt - skin on the PtNi / substrate nanoparticles . 
2. The method of claim 1 , wherein the initial temperature 

is 20-24 ° C. 

3. The method of claim 2 , wherein the segment length is 
at least 10 mm . 

4. The method of claim 2 wherein the segment is 5-10 
mm . 

5. The method of claim 4 , wherein the continuous flow 
reactor has a reactor tube diameter of 2-5 mm . 

6. The method of claim 1 , wherein the metal precursor is 
nickel acetate tetrahydrate . 

7. The method of claim 2 , wherein the reducing agent is 
1,2 - tetradecanediol . 

8. The method of claim 2 , wherein the surfactant com 
prises oleic acid & oleylamine , 

9. The method of claim 6 , wherein the platinum precursor 
comprises Pt ( II ) acetylacetaonate , and the polar solvent 
comprises dipehenyl ether , 1,2 - dichlorobenzen . 

10. The method of claim 1 , wherein the substrate is 
carbon . 

11. The method of claim 1 , wherein the acid is HC104 
12. The method of claim 1 , wherein the acid is 0.1 M 

HC104 
13. A method of forming platinum containing nanopar 

ticles comprising : 
forming , at an initial temperature of 18-28 ° C. , a reaction 

mixture comprising a cobalt or nickel precursor , a 
reducing agent , a surfactant comprising one part oleic 
acid to two parts oleylamine , a platinum precursor , and 
a polar solvent ; and 

injecting a segment of reaction mixture into a continuous 
flow reactor at a temperature of at least 190 ° C. for 5 
minutes to 1 hour , forming a platinum containing 
nanoparticle solution , the segment having a segment 
length of at least 3 mm . 

14. The method of claim 13 , wherein the nickel precursor 
comprises nickel acetate tetrahydrate . 

15. The method of claim 14 , the reducing agent comprises 
1,2 - tetradecanediol , the platinum precursor comprises plati 
num acetylacetonate and the polar solvent comprises 1,2 
dichlorobenzene and diphenyl ether . 

16. The method of claim 13 , wherein the nickel precursor 
comprises cobalt ( II ) acetate . 

17. The method of claim 16 , the reducing agent comprises 
1,2 - tetradecanediol , the platinum precursor comprises plati 
num acetylacetonate and the polar solvent comprises 1,2 
dichlorobenzene and diphenyl ether . 

18. The method of claim 14 , wherein the reaction mixture 
comprises a ratio of 1.336 g nickel acetate tetrahydrate to 
1.04 g platinum acetylacetonate to 0.68 g 1,2 - tetradecane 
diol to 8 mL oleylamine to 4 mL oleic acid to 24 mL 
1,2 - dichlorobenzene , to 160 mL diphenyl ether . 

19. The method of claim 13 , wherein the segment length 
is at least 10 mm . 

20. The method of claim 13 wherein the segment is 
5-10mm . 


