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ABSTRACT 

The chemistry and electrochemistry related to the electrodeposition of chromium carbide from fluoride melts has 
been explored. Plating of chromium metal and chromium carbide was attempted where the source of chromium was var- 
ied from chromate (CrO42 ) to anodized chromium to chromium(II) fluoride. Chromate cannot be reduced up to the ca- 
thodic limit of the melt; however, an oxidation was observed via cyclic voltammetry. The oxidation must  be coupled with 
chemical steps since multiple re-reduction processes occur. Neither chromium metal nor chromium carbides could be ob- 
tained when anodized chromium was the source of ionic chromium. The simultaneous reduction of Cr(II), from CrF2, and 
CO32- at 850~176 leads to chromium carbide formation, although an acid-base reaction between these two substances 
somewhat interferes with the process. X-ray photoelectron spectroscopy (XPS) was used to probe the chemical nature 
and environment  of quenched melt samples and of the chromium carbide coatings. 

The chromium carbides are materials potentially useful 
as high-temperature wear coatings: hardness has been re- 
ported to be in the 1000-1400 kg/mm 2 range, and massive 
samples are reported to oxidize only slowly, even at 1000~ 
(1). 

As part of a continuing program to produce refractory 
carbides by electrodeposition from molten fluorides, pri- 
marily the ternary (Li, Na, K)F fluoride eutectic, FLINAK 
(2, 3), we report here studies of chromium carbide deposi- 
tion. The electrodeposition of the refractory metals was re- 
ported by Senderoff and Mellors (4) to be best carried out 
from solutions of the complex fluorides of these metals, 
generally in high valence states, in FLINAK. For electro- 
plating their carbides, which requires the simultaneous re- 
duction of carbonate to carbon, this is not necessarily the 
best way, because acid-base reactions between the com- 
plex metal ion and CO32- may result in CO2 evolution. 
However, there may exist a narrow concentration "win- 
dow" in which carbide formation is possible. This phe- 
nomenon has been studied in detail for tantalum carbide 
(5). A similar situation may exist for ti tanium (6). 

An alternate method for carbide plating starts with an 
oxyanion of the metal. This avoids COa evolution, but re- 
quires that (i) the oxyanion is soluble and (it) that it can be 
reduced below the cathodic limit of the melt. Both condi- 
tions are obtained for WO42- and M0042- and have resulted 
in excellent W2C (3) and Mo2C (7) coatings. 

* Electrochemical Society Active Member. 

In the present work, we report on an exploration of both 
of these reported paths to refractory carbides. For chro- 
mium carbides: the reduction of chromium fluoride (CrF2) 
and the reduction of chromate ion (CrO42-) in the presence 
of carbonate. 

The plating of chromium metal from molten salts has 
been studied by several workers since the original patent 
by Senderoff and Mellors (4), which mentions only plating 
from a 8 weight percent (w/o) K3CrF6solution in FLINAK 
at 750~176 Inman and co-workers (8, 9) have reported 
detailed kinetics to proceed as Cr(III) -~, Cr(II) -* Cr(0), but 
this work is not directly applicable since it was carried out 
in LiC1-KC1 at 500~ a temperature too low for CO~ 2- re- 
duction (10). Smith (11) obtained good Cr deposits from a 
solution of Cr(III) at 800~ produced by anodic dissolution 
of Cr metal. Periodic reversal plating reduced dendrite for- 
mation and seemed to lead to some Cr(II) formation. Yoko 
and Bailey (12) carried out plating and mechanistic studies 
at 612~176 They obtained evidence that some Cr(II) 
must  be present in the melt before plating starts, and that 
this species partly disproportionates to Cr(III) and Cr(0). 
They also observed that the deposit structure of the chro- 
mium metal is better when formed above 870~ rather 
than at the lower end of the temperature range, concluding 
that this was probably because CrF2 is insoluble at the 
lower temperatures. 

The work reported here attempts to apply previous re- 
sults on chromium deposition (8, 9, 11, 12) and carbide for- 
mation (2, 3) to investigate possible electrochemical paths 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-09-16 to IP 

http://ecsdl.org/site/terms_use


d. Electrochem. Soc., Vol. 137, No. 1, January 1990 �9 The Electrochemical Society, Inc. 179 

to chromium carbide electrodeposition. Three such paths, 
all in FLINAK and all in the presence of CO32-, were inves- 
tigated: (i) reduction of Cr(III), produced by anodic disso- 
lution of Cr metal; (ii) reduction of Cr(II), added as CrF2; 
and (iii) reduction of CrO42-, added as K2CrO4. 

Experimental  
Pretreatment of the FLINAK constituents and melt, as 

well as the general arrangement of the experiments have 
been reported previously (2, 3). Anhydrous CrF2 (90%, 
Alfa) was used as received. Reagent grade K2CrO4 was 
dried at 120~ High purity metallic chromium, used as 
anodes, was obtained as 1.3 cm diam rods from Materials 
Research Corporation. 

For thermodynamic studies at 750~ reversible refer- 
ence electrodes based on Ni/NiF2, as designed by Maman- 
toy and co-workers (13) were used. At higher temperatures 
these electrodes fail too rapidly to be practical, so Pt refer- 
ence electrodes were used, although their potential shifts 
with changes in the oxide activity of the melt (14). The Pt 
quasi-reference electrode (QRE) was used for the cyclic 
voltammetric studies with a Pt coil auxiliary electrode and 
a 1/8 in. Ni rod as the working electrode. 

Coatings electrodeposited on Ni coupons and frozen 
plugs of melt were analyzed using a Surface Science/UHV 
Instruments x-ray photoelectron spectrometer to obtain 
elemental compositions and to assess the Cr and C specia- 
tion of the samples. Melt samples were analyzed with and 
without an inert atmospheric transfer into the spectrom- 
eter. Binding energies were referenced to adventitious C 
(assigned at 284.6 eV); melt  samples were cross-referenced 
to K2p312 at 292.3 eV, as previously described (5). Sputter- 
ing experiments were performed with a 5 kV Xe ion gun 
operated at 10 mA. Deconvolution of spectral envelopes 
was performed with a chi-squared minimization program 
after assigning peak positions and widths with a graphic 
editing routine. 

Frozen plugs of the melt constituents were obtained by 
withdrawing a nickel rod from the melt  into the ambient 
environment  of the glove box. The frozen melt  was 
chipped off the rod and finely ground in a helium or nitro- 
gen atmosphere; a fine film of the powdered sample was 
pressed into indium foil to minimize charging of these in- 
sulating solids. Due to the greater than anticipated width 
of the Cr2p312 and Fls lines for CrF2, one sample of this solid 
was ground in a mortar with a graphite coating to lightly 
coat the CrF2 with the conducting graphite prior to XPS 
analysis. 

Results and Discussion 
Chromate studies.--As mentioned above, the reduction 

of CrO42-, if possible, would provide a convenient  path to 
chromium carbide formation. K2CrO4 is quite soluble in 
FLINAK, producing intensely yellow solutions. Two stud- 
ies were carried out on chromate in FLINAK. The first in- 
vestigated the stability of CrO42- with respect to disso- 
ciation and association with 02- , similar to studies of other 
oxyanions in FLINAK (14). The second consisted of cur- 
rent-voltage and voltammetric studies to test the reducibil- 
ity of CrO42-. 

The stability of an oxyanion with respect to 02_ can be 
determined by potentiometric studies of a cell reversible 
to 02- . In this case 

NilNiO[YSZ[FLINAK 

+ K2CrO4, Na2OIBNINiF2(sat) in FLINAKINi [A] 

where YSZ is Y202-stabilized ZrO2, a ceramic reversible to 
O 2- in the melt. A change in the EMF of cell A indicates a 
change in the O z- activity in the melt, the direction of 
change being indicative of increase or decrease (14). 

Figure 1 shows that CrO42- is quite stable to dissociation, 
although a slight increase of O ~ can be noted near a mole 
fraction of 10 -3 . Two possible reactions can be postulated 

CrO42- = CrO3 + 02- [1] 

and 

2Cr042- = Cr2072- + 02- [2] 
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Fig. 1. EMF at 750~ as a function of the mole fractions of K2CrO 4 
and No20, of the cell: NilNiOIYSZIFLINAK + K2Cr04, 
Na2OIBNINiF2(sat) in FLINAKJNi. (@) Addition of K2Cr04 to FLINAK; 
(�9 addition of Na20 to FLINAK melt containing 0.2 m/o K2Cr04. 

The measurements do not distinguish between these two 
equilibria which, in either case, must lie far to the left. 
Spectrophotometric measurements would be useful to 
study these and similar (14) oxyanion-oxide equilibria, 
however, such measurements were beyond the scope of 
this study. 

More surprising is the effect of adding Na20 to a melt 
containing K2CrO4. If no reaction occurred, a slope of 
RT/2F should be obtained, but when concentrations of the 
two solutes are comparable, the slope is much less than 
RT/2F, indicating a removal of 02- from the melt. If  this oc- 
curs by reaction with CrO42-, e.g. 

CrO42- + 03- = CrO54- [3] 

an ion would be produced which has not previously been 
reported either in solution or in the solid state. A more 
likely explanation, suggested by a reviewer, is that 02- is 
oxidized to 02 by Cr(VI) in the melt. When the added 02- 
concentration exceeds that of CrO42-, the slope increases 
to -RT/2F,  consistent with this interpretation. 

The next property of CrO42- to be investigated was its 
stability with respeet to reduction. This was done in two 
ways: (i) steady-state current-voltage curves; and (ii) cyclic 
voltammetric studies. Both of these were done at 750~ 

Current-voltage curves were obtained potentiostatically 
using a nickel working electrode, glassy carbon auxiliary 
electrode, and Ni/NiF2 reference electrode (13), at various 
K2CrO4 coneentrations. Curves were obtained up to -1.6V, 
which is the eathodic limit of the melt. Surprisingly, cur- 
rents at first decrease (at fixed voltages) with increasing 
concentration, but begin to increase again at higher con- 
centrations [e.g., 0.34 mole percent (m/o)]. Perhaps ad- 
sorption is involved. At any rate, for any concentration of 
K2CrO4, even prolonged electrolysis at the cathodic limit 
does not result in Cr plating, indicating that CrO42- is re- 
sistant to reduction by alkali metal. This differs from the 
reduction of CO32-, which occurs at the cathodic limit (10). 
The addition of K2CO3 to a K2CrO4 melt produces only car- 
bon on reduction. 

Adding chromate to FLINAK results in increased 
anodie voltammetric currents; this is shown in Fig. 2 by 
contrasting the background for pro-electrolyzed FLINAK 
(eurve A) with the vol tammograms obtained after small 
additions of K2CrO4 (0.3 mmol, curve B and 1.7 retool, 
curve C). Slight potential shifts are expected when expos- 
ing the Pt quasi-reference electrode to melts containing 
soluble oxides (14). For a current density of 50 mA/cm 2, the 
negative potential limit only shifts negative by 50 mV 
(from -0.95 to -1.O0 V/Pt) for the FLINAK solution with 
no chromate to the one with 1.7 mmol  K2CrO4 added. 
Meanwhile the positive potential limit at a current density 
of 25 mA/cm 2 moves 260 mV more negative (from +0.16 to 
-0.10 V/Pt) with increasing eoncentration of chromate, 
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Fig. 2. Cyclic voltammetry of K2CrO 4-in FLINAK: Ni working elec- 
trode, scan rate = 20 mV/s, scans were initiated positive of the open- 
circuit potential ( -  -0 .1  V/Pt). (A) 200g of pre-electrolyzed FLINAK: 
(B) 0.3 mrnol K2Cr04; (C) 1.7 mmol K2CrO 4. 

Fig. 2, curves A and C, respectively. This significant shift 
to less positive potentials is due to an oxidation reaction, 
not a QRE-induced shift. 

The voltammograms in Fig. 2 were obtained by scanning 
positive of the open-circuit potential ( -  -0.1 V/Pt). A re- 
duction process can be observed, but only if a clean Ni rod 
is used as the working electrode and the first potential 
scan is initiated negative of -0.5 V/Pt. As seen in Fig. 3, 
curve A, no reoxidation process is observed upon scan re- 
versal. When the second cycle is restricted to potentials 
negative of the oxidation process beginning at approxi- 
mately -0.2 V/Pt (see Fig. 2, curve C), the cathodic peak at 
- 1.2 V/Pt is also absent; the voltammogram indicates that 
the electrode surface is passivated in this potential region. 
By then scanning positive of -0.5 V/Pt, an oxidation is ob- 
served, Fig. 3, curve B. Note: this oxidation occurs at the 
electrode already passivated to chromate reduction, see 
Fig. 3, curve A. Reversing the scan in the vicinity of -0.SV 

l l A ) /Ac re  "~ 

B / / "  O I 

F 2 ~ "  0 "2  

Fig. 3. Cyclic voltammetry of K2Cr04 in FLINAK: 8.8 mmol K2Cr04/ 
200g FLINAK, Ni working electrode, scan rate = 20 mV/s. (A): Scan 
initiated negative of - 0 . 5  V/Pt, (-) first scan, (--) second scan; (B): scan 
continued to positive voltages after obtaining the voltammogram in A, 
(-) first cycle, (--) second cycle. 

reproduces the featureless response out to the cathodic 
limit of the melt. 

The voltammetry of CrO42- in FLINAK confirms the 
steady-state current-voltage results, i.e., negligible chro- 
mate reduction occurs at nickel cathodes. The passivating 
nature of the first-shot reduction at clean nickel to con- 
t inued direct reduction of chromate does not, however, af- 
fect the ability to oxidize something in the CrO42-- 
FLINAK solution at the nickel working electrode. Since 
Cr in CrO42- is already in the +6 oxidation state, a direct 
oxidation of CrO42- is not indicated. The wealth of re- 
reduction processes resulting after the oxidation at 
-0.1 V/Pt implies that multiple species, probably pro- 
duced by an oxidatively induced dissociation of chromate, 
are generated by chemical reactions and available for re- 
reduction. 

Consumption of chromate, by processes other than di- 
rect reduction, is also implied by the following: extensive 
voltammetry in the oxidation regime followed by a plating 
experiment in which a lot of current was passed, but  no Cr 
metal plated at the cathode yielded a colorless, not bright 
yellow, melt in which the one-shot reduction at -1.21 V/Pt 
was no longer observed at a fresh nickel working elec- 
trode. X-ray photoelectron spectroscopic (XPS) analysis of 
a frozen plug of this colorless melt showed no Cr, even 
after averaging 64 scans of the Cr2p3/2 region. 

Cr(II) studies.--Potentiometry.--Since we planned to 
use CrF2 as a source of chromium in plating studies and 
since Yoko and Bailey (12) had reported that CrF2 was in- 
soluble below 893~ and that above this temperature Cr(II) 
may disproportionate to Cr(III) and Cr(0), we carried out a 
potentiometric study of CrF2 in FLINAK to ascertain the 
valence of chromium. The EMF of the cell 

CrlCrF2 in FLINAKIBNONiF2(sat)INi [B] 

is shown in Fig. 4 as a function of CrF2 concentrations at 
750~ Between 0.03 and 0.8 m/o, the Nernst plot is linear, 
showing that CrF2 is soluble, contrary to the previous re- 
port (12). The obtained slope of (2.303)0.79[RT/2F] for the 
Nernst plot shows that Cr(II) disproportionates only 
slightly, if at all. Accordingly, we conclude that CeF2 is us- 
able as a source of chromium above 750~ 

Current-voltage curves.--To assess the reducibility of 
Cr(II) in FLINAK, current-voltage curves for CrF2 were 
obtained at 750~ by the same technique as used for 
K2CrO4. In contrast to the results obtained for that com- 
pounds, the curves obtained for CrF2 (Fig. 5) show current 
increasing with voltage and concentration from very low 
voltages up, clearly indicating that Cr(II) is electroactive 
and can be reduced. 

Chemical studies.--Plating chromium carbide from 
FLINAK solutions containing carbonate and Cr(II) or 
Cr(III) requires that carbonate is not removed by chemical 
reaction with a chromium species. Reactions of this type 
were observed to occur between Ta(V) and CO32- to pro- 
duce CO2 (5). In the tantalum-carbonate system, carbide 
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Fig. 4. EMF at 750 ~ of the cell: CrIFLINAK + CrF21BNINiF2(sat)INi 
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Fig. 5. Current-voltage curves of the cell at 750~ CiFLINAK + 
CrF21Ni with Ni/NiF2 reference, m/o CrF2: (A) 0.019; (O) 0.0407; (0) 
0.0931 ; (D) 0.193; (A) 0.382. 

p l a t i ng  is pos s ib l e  b e c a u s e  t he  ac id -base  reac t ion ,  w h i c h  
p r o d u c e d  TaO3-, does  no t  go to comple t i on .  

T h e  case  of  c h r o m i u m  is s o m e w h a t  d i f fe ren t  b e c a u s e  
Cr(II) is t he  l owes t  s t ab le  va l ence  s ta te  of  Cr a n d  a n y  r e d o x  
r e a c t i o n  m u s t  lead to Cr ox ida t i on  a n d  CO32- r educ t ion ,  
viz. 

4CrF2 + K2CO3 + 3K20 = 2Cr20~ + C + 8K F  [4] 

A n o t h e r  poss ib i l i ty  is an  ac id -base  r eac t ion  w i t h o u t  val- 
e n c e  change ,  viz. 

CrF2 + K2CO3 = CrO + COs + 2KF [5] 

No t  e n o u g h  is k n o w n  of  t h e  p rope r t i e s  of  CrO to p r e d i c t  i ts  
b e h a v i o r  in  F L I N A K  at  750~ 

To s t u d y  any  poss ib l e  reac t ion ,  K2COa was  a d d e d  incre-  
m e n t a l l y  to  a so lu t ion  of  2g CrF2 in  75g F L I N A K  at  750~ 
Gas  e v o l u t i o n  was  o b s e r v e d  un t i l  t h e  m o l a r  ra t io  Cr/CO32- 
was  1. F u r t h e r  a d d i t i o n  of  K2CO~ p r o d u c e d  n o  f u r t h e r  gas  
evo lu t ion .  T h e  ve ry  d a r k  CrF2 m e l t  g radua l ly  l i g h t e n e d  to 
l i g h t  g r e e n  as c a r b o n a t e  was  added .  T h e s e  o b s e r v a t i o n s  
are  c o n s i s t e n t  w i t h  t he  t y p e  of  ac id -base  c h e m i s t r y  previ -  
ous ly  o b s e r v e d  b e t w e e n  TaFT 2- a n d  CO32- in  F L I N A K  (5). 
Q u e n c h e d  s a m p l e s  of  t h e  m e l t  a t  va r ious  s tages  of  t h e  reac- 
t i o n  we re  o b t a i n e d  for X P S  analysis .  

T h e  X P S  re su l t s  for  th i s  r eac t ion  ser ies  are  s u m m a r i z e d  
in  Tab le  I, w h i c h  also i nc ludes  t he  o b t a i n e d  a n d  l i t e ra tu re  
b i n d i n g  ene rg i e s  for r e fe rence  c o m p o u n d s .  A n  e x a m p l e  of  
a Cr(II) spec ies  i n c l u d e d  in a l is t  of l i t e r a tu re  b i n d i n g  ener-  
gies for  Cr2p~2 (15), t h a t  of  c h r o m o c e n e  d i ch lo r ide  at  

577.2 eV, is in  good  a g r e e m e n t  w i th  our  o b t a i n e d  b i n d i n g  
e n e r g y  for CrF2 of  577.3 eV. T h e  o b t a i n e d  F l s  b i n d i n g  
e n e r g y  of  684.6 eV is c o n s i s t e n t  w i t h  t h a t  for  o t h e r  t rans i -  
t i on  m e t a l  d i f luor ides  (15). Less  c lear  is w h y  t he  F l s  l ine  is 
so b r o a d  (3.2 eV for  t he  s a m p l e  of  g r a p h i t e - g r o u n d  p o w d e r  
w h i c h  e x h i b i t e d  m i n i m a l  c h a r g i n g  of  C l s  a n d  O l s  lines). 

D i s so lv ing  2g of  CrF2 in 75g of  F L I N A K  (not  p rev ious ly  
pre-e lec t ro lyzed)  y ie lds  a q u e n c h e d  s a m p l e  w i t h  two 
c lear ly  r e so lved  Cr b a n d s - - t h e  pos i t ions  of  w h i c h  do  no t  
s ign i f ican t ly  sh i f t  w i th  a d d i t i o n  of  K2CO3--at 577.9 a n d  
574.7 eV. In  t h e  a b s e n c e  of  c a r b o n a t e  t he  re la t ive  in tens i -  
t ies  are  -3 :1 ,  respec t ive ly ,  a n d  inc rease  to - 6 : 1  w i t h  t he  
a d d i t i o n  of  ca rbona te .  A s s i g n i n g  t he  p r e d o m i n a n t  l ine  at  
577.9 eV to Cr(II) is in  k e e p i n g  w i t h  i ts va lue  in  t he  undi -  
l u t ed  state.  Whi le  shif ts  of  1 eV to l ower  b i n d i n g  e n e r g y  
were  o b s e r v e d  for Ta4fT~z a n d  F l s  l ines  in  a q u e n c h e d  
s a m p l e  of  d i s so lved  K2TaF7 in  F L I N A K  (5), t h e  Cr2p3/z l ine  
at  574.7 eV is un l ike ly  to b e  due  to a c o m p a r a b l e  p h e n o m e -  
non .  Th i s  b i n d i n g  e n e r g y  for  Cr2p3~2 is i nd ica t ive  of  Cr  in  
aryl  c o m p l e x e s  s u c h  as c h r o m o c e n e  (15). The  g e n e r a t i o n  of  
two  c h r o m i u m  spec ies  j u s t  b y  d i s so lv ing  CrF2 in F L I N A K  
is no t  u n d e r s t o o d  at  th i s  t ime.  

T h e  F l s  b i n d i n g  e n e r g y  of  683.1 eV is iden t i ca l  to  t h a t  
p r e v i o u s l y  o b s e r v e d  for p u r e  F L I N A K  (5), d o m i n a t e d  as i t  
is b y  t h e  KF- in f luenced  e n v i r o n m e n t  of  F L I N A K .  The  
K 2 p - C l s  r eg ion  was  u s e d  in  t h e  p r ev ious  Ta-CO32- s t u d y  
(5) to  fo l low t h e  p r e s e n c e  of  ca rbona te .  A n  a d d i t i o n a l  car- 
b o n  spec ies  is p r e s e n t  in  th i s  Cr-CO32- r eac t ion  series,  b u t  
p r e s e n t  for  all s amp le s  in  th i s  series,  w i t h  or  w i t h o u t  in t en -  
t iona l  c a r b o n a t e  add i t i on  to t he  mel t ,  see  Tab le  I. This  is 
t r u e  for  t h e  p o w d e r s  i n t r o d u c e d  in to  t h e  s p e c t r o m e t e r  by  
i ne r t  t r a n s f e r  or s u b s e q u e n t l y  r eana lyzed  af te r  a i r  ex-  
posure .  The  b i n d i n g  e n e r g y  is c o n s i s t e n t  w i t h  a n  oxygen-  
a t ed  ca rbon ,  b u t  i ts  p r e s e n c e  in  t he  C r F j F L I N A K  s a m p l e  
in  t h e  a b s e n c e  of  c a r b o n a t e  r equ i r e s  t h a t  th i s  l ine  c a n n o t  
be  a s s i g n e d  as u n r e a c t e d  CO32- for  t h e  s a m p l e s  q u e n c h e d  
a f t e r - a d d i t i o n s  of  K2CO3. Whi le  th i s  o x y g e n a t e d  c a r b o n  
spec ies  m i g h t  h a v e  b e e n  a c o n t a m i n a n t  of  t he  F L I N A K ,  it  
is m o r e  p r o b a b l e  t h a t  i t  is an  e x t e r n a l  c o n t a m i n a n t  d u e  to 
a lcohol ic  t r aces  on  m e t a l  s tages,  spa tu las ,  etc. Th i s  l ine  is 
occas iona l ly  o b s e r v e d  on  s a m p l e s  n e v e r  e x p o s e d  to 
F L I N A K ,  see  Tab le  I. 

In  k e e p i n g  w i t h  t he  a s s i g n m e n t  of  t he  C l s  l ine  at  288 eV 
as a c o n t a m i n a n t ,  t h e  ra t io  of t he  re la t ive  area  of t h e  C l s  
l ine  at  288 eV to t h a t  of  a d v e n t i t i o u s  c a r b o n  at  284.6 eV or 
to  t h a t  of  t he  K2p312 l ine  does  no t  s ign i f ican t ly  va ry  for all 
s a m p l e s  of  th i s  series. Th i s  at  leas t  i nd ica t e s  t h a t  e x t e n s i v e  
a m o u n t s  of c a r b o n a t e  are  n o t  c o n t r i b u t i n g  to t h e  l ine  at  
288 eV and,  there fore ,  t h a t  c a r b o n a t e  does  no t  r e m a i n  in  

Table I. X-ray photoelectron spectroscopic peak positions and widths for reference compounds and melt samples 

Cr2p3~ Fls  Cls b 
Sample BE(FWHM)/eV BE(FWHM)/eV Cr/F a BE(FWHM)/eV 

Cr(CO)6 576.8 c 
Cr(CsHs)2C12 577.2 c 
CrCl3 577.4 c 
CrF3 580.1 c 
Cr203 576.1 d 

576.2 (3.1) - -  - -  288.5 (2.2) 
CrF2, inert transfer ~ 577.5 (4.8) 685.1 (4.0) 0.22 287.3 (3.1) 
CrF2, air exposed f 576.8 • 0.2 684.4 _+ 0.3 0.25 • 0.02 
CrF~, graphite ground 577.3 (4.2) 684.6 (3.2) 0.27 - -  
2g CrF2/FLINAK g 574.7 -+ 0.2 683.3 (2.0) 0.0052 h 288.2 (2.9) 

578.2 • 0.1 
2g CrF2 + 0.36g K2CO3 574.6 (2.5) 683.1 (1.9) 0.0048 h 287.9 (1.8) 

in FLINAK 577.9 (2.6) 
2g CrF2 + 1.53g K2CO3 574.7 (1.8) 682.9 (1.8) 0.0090 h 288.2 (2.6) 

in FLINAK 577.7 (2.4) 
(CrF2-K2CO3)/FLINAK i 574.7 • 0.1 683.1 -+ 0.2 288.1 • 0.1 

577.9 • 0.2 
Anodized Cr/FLINAK 577.5 (3.2) 683.9 (2.1) 0.0013 - -  

a Ratio of the relative areas of the Cr2p3a and Fls  lines. 
b A Cls line, other than that at 284.6 eV, is present. 

Taken from Ref. (15). 
d Taken from Ref. (16). 
e Charging problems for this sample were evidenced by Cls FWHM > 2.0 eV and by tailing on the low binding energy side of the Fls  line. 
f Three samples were run of the air-exposed CrF2 powder. 
g This series reports the results for air-exposed samples; the same qualitative features were observed (including the additional Cls line) 

for the samples analyzed after inert transfer, but charging problems (as in [e]) compromised the analytical results. 
h This ratio of the relative areas was calculated using the sum of the two Cr2p312 lines. 
These numbers represent the averaged values for this series. 
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the melt at the C/Cr molar ratios of these samples (0.12 and 
O.5O). 

Chromium was also dissolved in FLINAK anodicalty, 
since this was the procedure used by Smith (11) for plating 
chromium metal. Presumably this procedure leads to 
Cr(III). After the concentration, calculated from the charge 
passed, had reached 0.62 m/e a quenched melt sample was 
taken for XPS analysis. The XPS results for this sample 
are also listed in Table I. Only one Cr2p3~2 line was ob- 
served with a binding energy of 577.5 eV. This is a binding 
energy more characteristic of CrCI~, not that expected for a 
Cr(III) ion in a fluoride environment: CrF~ has a literature 
binding energy of 580.1 eV, see Table I. The binding 
energy is also quite consistent with that for CrF2 in 
FLINAK, so that assignment of an oxidation state of +3 on 
the basis of XPS cannot be definitively made. Rather, 
in the absence of XPS experiments on CrF3 dissolved in 
FLINAK, the XPS results imply that, in FLINAK, the 
anodized Cr is more divalent in nature. 

Plat ing s tudies . - -Chromium metal . - -Based on previous 
work (11, 12), we first tried plating from a FLINAK solu- 
tion into which Cr had been anodized. Even when the Cr 
concentration was - 2  m/o, only a very slight coating of Cr 
metal was obtained between 750 ~ and 900~ This is con- 
sistent with the observation of both Smith (11) and Yoke 
and Bailey (12) that, in addition to Cr(III), some Cr(II) must  
be in the melt for practical plating. These workers ob- 
tained Cr metal after some Cr(II) had been generated by 
electrolysis. Whether the difference between their result 
and ours is the consequence of their adding Cr(III) as CrF3, 
rather than by electrolysis, remains to be investigated. 

Plating experiments were, therefore, carried out using 
melts containing only CrF2 as added solute. [Some Cr(III) 
was probably introduced into the melt by dissolution of 
the Cr anode.] The following observations were made, all 
consistent with previous work: (i) chromium can be plated 
from a melt containing only Cr(II); (it) although some den- 
drite formation usually occurs after a smooth chromium 
plate has formed, this is much reduced above 850~ (iii) 
current efficiency is strongly dependent on concentration, 
e.g., at 0.4 m/o, C.E. was -10%; at 2.4 m/o, it was >50%. 
With further work the C. E. could probably be increased. 

Chromium carbide.--The chromium-carbon phase dia- 
gram exhibits three carbides: Cr23C6, Cr7C3, and Cr3C2, cor- 
responding to molar C/Cr ratios of 0.26, 0.43, and 0.67, re- 
spectively. X-ray patterns for these compounds are known 
(1). However, identification of potential chromium carbide 
coatings is complicated by the fact that although Cr metal 
exhibits only a few, widely spaced lines, all three carbides 
have many, closely spaced lines over the same d-spacing 
range. Similarly,. although carbidic carbon can be iden- 
tified by XPS (see below), the C/Cr ratio could not be used 
to distinguish between individual carbides in this study. 
Thus, we can only determine whether carbide is present. 

Approximately fifty plating experiments were carried 
out in the temperature range 850~176 in which melt spe- 
cies and their concentration and voltage were varied. All of 
these studies were done potentiostatically with Pt quasi- 

reference, Cr auxiliary, and polished nickel coupon cath- 
odes. Current was thus a dependent  variable. 

The results obtained can be summarized as follows: 
1. No carbide coating is obtained from K2CrO4-K2CO3 

melts (see above). 
2. No carbide coating is obtained from Cr(III)-CO32- 

melt, which is not surprising since no Cr metal was ob- 
tained from Cr(III) melts either. 

3. Chromium-carbide coatings were obtained from CrF2- 
K2CO~ melts, but in all cases the current efficiency did not 
exceed 10%, not counting dendrites. Best results were ob- 
tained at higher CrF2 concentrations (as for Cr metal) near 
900~ rather than at lower temperatures; for C/Cr ratios 
near 1.0, rather than at lower ratios, not surprising in view 
of the acid-base reaction, and shortly after a K2CO3 addi- 
tion had been made. This last result may be due to the 
evaporation of K2CO~ from the melt (10), which also tends 
to limit the temperature to values -< 900~ Voltages near 
1.0V (vs. Pt QRE) were required for carbide formation. At 
lower voltages, only Cr metal was obtained. Although den- 
drites always occurred in the later stages of plating, a thin, 
smooth adherent coating of chromium carbide always re- 
mained after removal of the dendrites by ultrasonic 
washing. 

X-ray Photoelectron Spectroscopic Analyses of 
Chromium Carbide Coatings 

Figure 6 displays the Cr2p region, after 90s Xe+ sputter- 
ing to remove surface contaminants, for three coatings ob- 
tained from plating out of CrF2-K2CO3 melts. At least three 
Cr species must be fit in the resulting envelope, and four 
are possible; Fig. 6 shows the conservative three-peak fit. 
The XPS data and plating parameters are collected in 
Table II. One narrow (FWHM - 1.5 eV) Cls  line at 282.3 eV 
is observed for all samples and is characteristic of carbide 
as seen in WC (15). The sputtering is sufficiently mild, so 
that some traces of melt (evidenced by K2p, Nals,  and F l s  
lines and a Cls  line at 284.6 eV) remain. 

The line at 575.2 eV is assigned to chromium carbide. 
CrN has a reported Cr2p312 binding energy of 575.4 eV (15), 
while CrSi is reported at 573.6 eV (16), indistinguishable 
from Cr(0) metal. We also observe a line at 573.6 eV, and 
due to the narrowness of the line [Cr2p3~2 for Cr(0) has a 
FWHM about half of that for Cr203 (15)], and the absence of 
a second carbidic carbon line in the Cls  region, it is as- 
signed to Cr(0) metal. Due to the nature of the electrodep- 
osition, the presence of Cr(0) metal is expected and actu- 
ally is the predominant species for one of the samples 
(Fig. 6, curve C). The highest binding energy Cr2p3j~ line at 
577 eV is consistent with the CrF2 and the CrFJFLINAK 
results previously obtained, see Table L 

Unfortunately, the C/Cr ratios obtained from the XPS 
analyses (see Table II), do not permit an unambiguous as- 
signment of specific chromium carbides. 

Conclusions 
Chromium carbide can be electroplated from CrF2- 

K2CO3-FLINAK melts at -900~ but not from FLINAK 

Table II. Plating parameters and x-ray photoelectron spectroscopic and x-ray diffraction results for chromium carbide coatings as a function of 
Xe + sputtering time 

BE Cr2p312/eV 
Sample t/s CO32 /Cr VA_c/V(i/A) Cr(0) Cr carbide Cr(II) BE Cls/eV C/Cr ~ XRD lines 

A 0 0.26 0.50 (0.30) 573.7 576.0 577.4 
90 573.4 575.4 577.1 282.2 0.23 

690 573.5 575.4 577.0 282.3 0.52 
1200 573.6 575.4 576.9 282.3 0.56 

B 0 0.42 0.51 (0.35) 573.3 575.7 577.3 282.3 0.87 
90 573.1 575.0 576.6 281.9 0.57 

C 0 0.81 0.53 (0.22) 573.6 575.1 576.7 
90 573.6 575.2 576.7 282.4 2.83 

900 573.6 575.1 577.0 282.4 1.85 
Cr3C2 0.67 
CrvC~ 0.43 
Cr23C~ 0.26 

Cr7C3, 
Cr3C2, 

Cr 

Cr23C6, 
Cr3C~, Cr 

Cr2~C6 

The C/Cr ratio is calculated using the relative area of the carbide-C ls line only and the relative area of the line assigned to carbidic Cr2p312 
only. 
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Fig. 6. X-ray photoelectron spectroscopic analysis of chromium car- 
bide coatings electroplated at various anode-cathode voltages and car- 
bonate/chromium ratios: Cr2p region. (A): C032-/Cr = 0.26, VA_c = 
0.50V: (B): C03Z-/Cr = 0.42, VA-c = 0.51V; (C) CO32-/Cr = 0.81, 
VA.c = 0.53V. 

solutions where K2CrO4 or Cr(III) is the source of chro- 
mium. Higher current efficiencies could probably be ob- 
tained if dendrite formation could be suppressed. Vari- 
ables which could be manipulated are concentrations, 
voltage, and temperature. 

Manuscript submitted Oct. 24, 1988; revised manuscript  
received June 6, 1989. 
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Technical Notes 
m 

The Absolute Value of the Standard Partial Molar Entropy of the 
Hydrogen Ion in Aqueous Solution at 25~ 

Ar thur  D. Payton*  and Scott E. Fel ler  1 

Chemistry Department, Willamette University, Salem, Oregon 97301-3922 

The absolute value of the standard partial molar entropy 
of the hydrogen ion in aqueous solution has been deter- 
mined to be -19.03 -+ 0.15 J K-lmo1-1 at 25~ First, the 
standard transported entropy of the hydrogen ion has 
been calculated from literature values and from the infi- 
nite dilution value of thermoelectric powers (corrected by 
the mass-action term), which were obtained from experi- 
mental  data for hydrogen electrode thermocells. Then, the 
heat of transport of the hydrogen ion has been obtained 
from an extra thermodynamic argument for the single-ion 
heat of transport. Finally, these results have been com- 
bined in order to determine the absolute value of the 
standard partial molar entropy of the hydrogen ion. 

*Electrochemical Society Active Member. 
*Present address: Department of Chemistry, University of Cali- 

fornia, Davis, California 95616. 

The standard partial molar entropy of the hydrogen ion 
S~ may be determined from Eq. [1] 

S~247 = S%§ + (Q*%./T) [1] 

The standard partial molar entropy of the hydrogen ion 
can be used in calculations of electrophoretic contribu- 
tions to the limiting slopes of heats of transport, trans- 
ported entropies, and thermoelectric powers in aqueous 
electrolytes. In the next section, the standard transported 

entropy of the hydrogen ion S~ is determined. It is a sin- 
gle ion property not based on an arbitrary convention (1). 
Then we use an extra thermodynamic argument to calcu- 
late the infinite dilution limiting value of the heat (en- 
thalpy) of transport of the hydrogen ion Q*~247 This quan- 
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